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Abstract

Cyclic olefin copolymers are one of the new families of olefinic copolymers made available by metallocenes. Owing to their unique combination
of properties, they are engineered polymers which are produced and commercialized. This review provides an overview of recent progress
regarding ethene (E)— and propene (P)-norbornene (N) copolymerization with early transition metal catalysts. Metallocenes and some of post
metallocene catalyst precursors most frequently utilized for the synthesis of norbornene copolymers are presented.

The synthesis and the experimental studies which provided our current knowledge of factors governing copolymerization activity, copolymer
tacticity, and molar mass are reviewed. In particular, we focus on the elucidation of E-N and P—N copolymer microstructuré3@rough

NMR analysis. Advances in signal assignments of the complex spectra of these copolymers are reviewed together with various methodologies
utilized to achieve them. The microstructural description of the E-N chain, attained from such assignments, is summarized along with
information achieved on the copolymerization mechanisms. The detailed information on the microstructure of these copolymers at tetrad or at
pentad level has been applied to determine the kinetic copolymerization parameters and shed light on the polymerization mechanisms. Finally,
a few relevant topics which contribute to our understanding of the mechanisms of initiation, propagation, termination, and chain-transfer
steps are presented. These include a few examples of modern density functional calculations, chain end groups analysis, and synthesis o
hydro-oligomers.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Norbornene copolymerization; Metallocene catalysts; Copolymer microstruttGrisMR analysis; Statistical models; Polymerization mechanisms

1. Introduction and norborneng3]. They provide a new class of polymeric
materials with interesting properticdcheme 1llustrates the
The discovery and the development of well defined met- two alternative polymerizations of cyclic olefins: via ring
allocene catalyst§l] have opened great opportunities for opening metathesis (ROMP) and via addition.
the synthesis of a wide range of polymers with selected The overall ROMP reactioninvolves breaking and reform-
architectures. Catalysts are now available for unprecedentedng olefin double bonds with simultaneous opening of the
control of poly«-olefin stereospecificity and properties and unsaturated cycles of the monomgts The release of ring
for the synthesis of new polyolefin familid$]. By using strain[5] provides the main driving force required to over-
such catalysts, the cyclic olefin polymers can be synthesizedcome the unfavorable entropy change in polymerisd@¢r].
via addition polymerization without ring-opening metathe- Accordingly, low-strained cyclohexene is difficult to poly-
sis in contrast to the behavior of conventional heterogeneousmerize[8], while norbornene having a ring strain of more than
Ziegler—Natta catalysf®]. Cyclic olefin monomers that can 15 kcal/mol undergoes reaction readily with a large number
be polymerized using metallocene catalysts via addition are of metathesis catalysj9].

shown inChart 1 they include cyclopentene, cyclobutene, On the other hand, the reactivity of cycloolefin in addition
polymerization is strongly influenced by the ring strain
of the cyclic olefin as well as by the non-planarity of the
reacting double bond, which can be described by symmetric
or antisymmetric deformation (cycloolefins with symmetric
—_— out-of-plane such as norbornene and cyclopentene can be

polymerized; cycloolefins with antisymmetric out-of-plane

addition
—_—
polymerization

@3}@@@

Chart 1. Cyclic olefins that are polymerized by metallocene catalysts via
addition: (a) cyclobutene; (b) cyclopentene; (c) norbornene; (d) 1,4,5,8-dim-
ethano-1,2,3,4,4a,5,8,8a-octahydronaphtalene (DMON); (e) 1,4,5,8,9,10-Scheme 1. The two alternative polymerizations of cyclic olefins: via ring
trimethanol,2,3,4,4a,5,8,8a,9,9a,10,10a-dodecahydroantracene (TMDA). opening metathesis (ROMP) and via addition.
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and on the elucidation of their microstructure throdgg

L R R NMR analysis. With respect to norbornene homopolymers
- . prepared inthe presence of the same catalysts, the copolymers
@ have the great advantage of being processable. Their proper-
R=H, Me R ties depend on many parameters, such as the comonomer

composition, the distribution of comonomers within the
Fig. 1. COCs considered in this review: E-N copolymers (R=H) and P-N chain, and also the chain stereoregularity, which are deter-
copolymers (R =Me). mined by the structure of the catalyst precursor. The design

of norbornene based materials with given features requires a
bending such as cyclooctene cannot be homopolymerized).detailed description of the microstructure of copolymers as
Moreover, the possibility of monocyclic monomers like well as adeep understanding of the relationships between the
cyclopentene of undergoirgrhydrogen elimination, which  microstructure and the material properties. Although the first
leads to isomerization and termination of the growing synthesis of E-N copolymers was reported as early as 1991
polymer chain has consequences for the polymer structure[3], their microstructure has only recently been thoroughly
and polymer molar mag40]. investigated.

Saturated cycloaliphatic polymers, having high decompo-  13C NMR spectroscopy is surely the most powerful analyt-
sition temperatures, small optical birefringence, good trans- ical tool for polymer microstructural investigation. However,
parency for short wavelength radiation and high plasma etch E—N copolymer spectra are quite complex for the presence in
resistance, are suitable for advanced photoresist composithe polymer chain of two stereogenic carbons per norbornene
tion in the microelectronic industifit 1]. Such polymers can  unit and for the fact that the chemical shifts of these copoly-
be obtained for example by palladium, nickel, and cobalt mers do not obey straightforward additive rules, owing to the
catalystd12]. However, cycloolefin homopolymers by met-  bicyclic nature of the norbornene structural units. Thus, until
allocenes are not processable due to their low solubility in recently analyses dfC NMR spectra were scarce and the
organic solvents and their melting points are higher than the calculation of N mol% in the copolymers was only straight-
decomposition temperatufg]. forward inthe case of copolymers with nottoo high N content.

Among the new polymer familiegynsa-metallocene cat- A description of these copolymers as well as a detailed
alysts enable the synthesis of cyclic olefin copolymers understanding of the processes and mechanisms involved
(COCs) with various comonomer content and microstruc- in these copolymerizations proved difficult to be achieved.
tures. Among them the most versatile and interesting ones areOnly in the last few years have a number of groups accepted
the ethene (E)—norbornene (N) copolymétig( 1, R=H). the challenge of assigning tHéC NMR spectra of E-N

They were first synthesized by Kaminsky et al. witlia- copolymers. Advancesin signal assignments will be reviewed
zirconocenes in 19913]. Since then, both academic and together with various methodologies utilized to achieve
industrial groups have focused their research interest onthem.

COCs. Ticona (formerly Hoechst) and Mitsui have developed = We shall discuss how the detailed information on the
these copolymers to commercial products TORAS] and E—N chain microstructure has been applied to determine the
APEL [14], respectively. E-N copolymers are usually amor- kinetic copolymerization parameters and shed light on the
phous and display a wide range of glass transition temper-polymerization mechanisms.

atures, from room temperature to about 220 They show Recently, there has been also intense interest in syn-
excellent transparency and high refractive index because ofthesizing E-N copolymers with a variety of late transition
their rigid bicyclic monomer units, high chemical resistance, metal catalysts, namely nickel and palladium based catalysts,
and good processabilifit5]. These properties, imparted by  which are tolerant towards polar groups. Late transition metal
the norbornene component, make COCs suitable for opti- catalyzed ethene cycloolefin copolymerization will not be
cal applications such as coatings for high-capacity CDs andcovered by this review, however a list of relevant papers is
DVDs, for lenses, medical equipments, blisters, toner binder, included[16].

and packaging.

In this review, we summarize recent progress regarding
norbornene copolymerization via addition. An overview of 2. Ethene-norbornene copolymers
the early transition metal catalysts used for the synthesis
of norbornene copolymers will be given. l@hart 2the 2.1. Structure
structures of some of the metallocenes most frequently used
for olefin-norbornene copolymerizations are presented. Of  Early studies showed that norbornene in metallocene cat-
course metallocenes are catalyst precursors, which need to balyzed copolymerization is enchaineddiy-2,3-exo addition
activated by cocatalysts, the most widely used being methy-[3]. A segment of an E-N copolymer (EENEE) in which nor-
laluminoxane (MAO). bornene can be considered isolated from other norbornene

In particular we focus on the synthesis of ethene- and units is shown irFig. 2along with the adopted numbering of
propene co-norbornene polymers catalyzed by metallocenesarbon atomsrig. 3gives an overview of possible segments
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| 11
X =CH,-CH,, all R=H, indenyl = indenylH,4 (I-1) R;=H (I1-1)
allR=11 (1-2) Ry="Pr  (II-2)
R4 =R;=CH; (I1-3)
X=(CH;3)Si, allR=H (1-4)
R4 - Rs=benz (I-5)
R,= CHs, Ry - Rs= benz (1-6)
R,= CHj (1-7)
X=(CH;),C, allR=H (1-8)
X =CH, R;="'Bu (1-9)
X=(Ph),Si.  allR=H (1-10)

(only R # H are indicated)

X=(CH;),C. R;=H (I11-1) X=MeSi, R,=R;=R,=Rs=CHjs (IV-1)
R;=CH; (I11-2) R;=Rs=CH; (IV-2)
R;='Pr  (III-3) Ry='Bu (IV-3)
R;=Bu  (II-4) R, - Rs=benz (IV-4)
X=(CH3)Si, Rz=H (I11-5) R4 - Rs =benz, R, - R; = benz, (IV-5)
X = (Ph),C, Ry=1 (111-6) (only R # H are indicated)

Chart 2. Structures of the most frequently used metallocenes for olefin-norbornene copolymerizations.

of an E-N copolymer chain in which norbornene units are always closer to another norbornene unit than atoms C3, C4,
in alternating (ENENE), diad (ENNE) and triad (ENNNE) and C5, respectively.

sequences, without considering stereochemical differences. Besides the different comonomer sequences, we note that
The adopted numbering of norbornene carbons, which is sim-configuration at atoms C2/C3 in a ring can be either S/R
ilar to that of other authorfd 7], has been chosen in orderto or R/S, so the relationship between two subsequent nor-
indicate differences in assignments; thus, C2, C1, and C6 arebornene units can be either erythrodiisotactiesp) or ery-
throdisyndiotactic facemic). The possible stereochemical
environments of norbornene in alternating sequences, diads
and triads are illustrated iRig. 4. Erythrodiisotactic and
erythrodisyndiotactic microstructures of ENENE and ENNE
segments can be obtained depending on the catalyst structure
[18].

2.2. Methodologies for signal assignments

Fig. 2. A segment of E-N copolymer chain (EENEE) with isolated nor- The 3C NMR spectrum of an E-N copolymer with
bornene unit, showing the numbering of carbon atoms. 50.8mol% of norbornene produced by catalysi-Et
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hydro-oligomerization withunsa-metallocenes having dif-
ferent symmetrie$l9]. These assignments have been very
important, although the results of molecular mechanics show
that dimers and trimers are poor models of polynorbornene
op and of its higher oligomers, due to strong steric interactions
between non-adjacent units, which induce large deformations
6 s of the torsional angles and of the ring geometry. Yet the dif-
NENEN ferences between dimers and trimers were used to understand
the shiftg17,20,19] Very recently Fink and co-workers syn-
thesized, isolated, and characterized hydro-oligomers from
dimers to pentamers of norbornenelb§/MAO [21]. They
found a new type of linkage in the tetramers and pen-
tamers, similar to one found by Arndt and Gosm{Z®] in a
hydropentamer synthesized wit1/MAO and characterized
by means of X-ray.

ap

2.2.2. NMR pulse sequences

A first general assignment of methylene (C7) and methine
65 (C1/C4 and C2/C3) carbon atoms was achieved with the
help of distortionless enhancement by polarization transfer
(DEPT) 3C spectra. DEPT experiments allow one to dis-
tinguish between methyl or methine and methylene carbons:
the methine and methyl signals appear positive, while the
methylene ones are negative. This method does not allow
us to distinguish between ethene £&hd C5/C6 methylene
carbons of norbornene in the region between 26 and 31 ppm.

2D NMR techniques and INADEQUATESC-13C corre-
Fig. 3. Segments of E-N copolymer chain with norbornene in alternating lated NMR spectra were of great help to attribute resonances
(NENEN), diad (ENNE) and triad (ENNNE) sequences, with the adopted of norbornene diads and in correcting previous assignments
numbering. of ethene and norbornene methylenes. Beogstet al. by
using'3C-H correlations, hmqc for one-bond correlations,

(IndenylpZrCly (I-2) is shown inFig. 5. General assign-  and hmbc for two- or three-bond correlations were able to
ments of norbornene and ethene carbons allow us to dividejdentify C5/C6 and C2/C3 of norbornene dig@8].

the simpler spectra into four regions and thus to calculate the

mol% of norbornene incorporated in the polyrfier,26] At 2.2.3. Series of copolymers with different norbornene

a higher level of norbornene the spectra are more complex pnient

and the four regions may overlap, since the various stere-  The comparison of spectra of copolymers with differ-

osequences of triads and longer norbornene sequences cauggit norbornene content, obtained by catalysts with different

splitting and shift of the signals, which can make even the symmetries, has helped to assign a number of resonances.

norbornene content uncertain. However, use of this method alone is rather limited in the
case of E-N copolymer spectra.

6
ENNNE

2.2.1. Model compounds

In principle, the synthesis of model compounds of a 2.2.4. /3C enrichment
copolymer sequence offers the best approach to make cer- 13C NMR investigations based on comparison between
tain assignments of the signals of the sequence and thus t&E—N copolymers of monomers with natural abundance of
successfully determine the copolymer structure and tacticity. 13C and those obtained wiftfC;-enriched ethene dfCss-
The synthesis of model compounds is often very time con- enriched norbornene allowed Fink to determine the number
suming and not always available. The hydro-oligomerization of C5/C6 or ethene signals and to make significant advances
followed by isolation of hydroisomers can be used to inves- in their assignment4].
tigate the structure and the tacticity of the isomers, which
can be considered as model compounds of a segment of the.2.5. Chemical shift prediction
copolymer chain. However, the higher the oligomerization = Theoretical methods were also of help in the interpreta-
number, the higher is the number of possible stereocisomerstion of the E-N copolymer spectra and in clarifying their
and the more tedious and difficult the separation process.microstructure. Independent and complementary support to
Arndt was able to isolate and assign the signals of all the pos-the chemical shift assignments can be achieved by interpret-
sible norbornene hydrodimers and hydrotrimers by means ofing NMR spectra of polymers in terms of chain conformation.
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racemic, racemic alternating (rr)

AR\

racemic diad (R)

meso, meso triad (MM) racemic, meso triad (RM) racemic, racemic triad (RR)

Fig. 4. Alternating (NENEN), diad (ENNE) and triad (ENNNE) sequences, showing the possible configurations.

The approach is based on determining the stable conformers The various types of chain fragments (isolated, alternating
by means of molecular mechanics and on considering suchand blocks) defined in the calculation, which also distin-
conformation-dependent effects as the well-kngagauche guishes betweemeso (m) andracemic (r) alternating units
effect [25]. Indeed, the results obtained with a RIS model and betweem:eso (M) and racemic (R) ENNE sequences,
of the E-N copolymer§gl8] suggested for the first time and  are illustrated in Refl26].

proved the occurrence of the splitting of the signals:efo

andracemic alternating NEN sequences. 2.2.7. Ab initio chemical shift computations

More recently, we found that advanced quantum-
2.2.6. Least-squares fitting of peak areas mechanical methods for computif§C NMR magnetic

Extension of the assignment of unknown signald3g shielding[27-29]may be applied successfully to reproduce
NMR spectra of E-N copolymers can be obtained by trial- Stéreo-chemical shifts of proper model compounds contain-
and-error through an analysis of the spectra based on ang the norbornene moiety. These methods are particularly
procedure devised for computing the molar fractions of the USeful to evaluate the effects of molecular arrangements for
stereosequences that define the microstructure of an E-NWhich no empirical data are available, as in the case of the
copolymer[26]. An appropriate partitioning of the molec- ~ distortions of the N ring. Thus, GIAO/DFT calculatiofy]
ular chain into fragments, defined according to the assign- Utilizing the functional MPW1PW91 proposed by Barone and
ment level available, is necessary. The molar fractions of Adamo[30] confirmed independently our mostrecentassign-
such fragments represent one way for describing the chainMents(26] related to ENNE sequences of E-N copolymers.
microstructure: the observed peak areas of the greatest pos-
sible number of3C NMR signals assignable (on the basis 2.3. Alternating E-N copolymers
of a list of known chemical shifts, such dable lin Ref.

[26], and of additional hypotheses) are utilized in a computer 2.3.1. Synthesis and assignments
program[26] to generate and solve a set of linear equations  The synthesis of perfectly ordered sequences in copoly-
where the molar fractions are the variables. mers is still a challenge in polymerization catalysis; however
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Table 1
Alternating E-N copolymerization: activities and properties
Symmetry  Catalyst  Activity (kg pol/mol Mth) [NJ/E] N mol% incorporated Tg (Tm) (°C)  Mw (x10~*g/mol)  My/Mn Ref.
Cs V-1 21000 0.4 12 35 16.4 [32]
33912 1.0 22 - 34.1 - [32]
15963 2.5 30 60 119.0 - [32]
11997 6.8 40 94 86.2 - [32]
1v-2 4694 2.0 34 67 40.1 - [32]
Iv-3 5207 11.0 35 71 25.3 - [32]
1v-4 1399 2.5 34 83 39.6 - [32]
VI-1 2730 5.6 44 120 59.28 1.16 [34]
VI-2 2154 5.6 - 121 51.71 1.24 [34]
VI-3 318¢ 5.6 - 126 73.80 1.23 [34]
C1 VIII-1 1720 9 44 121 39.78 1.17 [35]
VIII-2 58¢F 9 46 125 22.61 1.19 [35]
VIII-3 440 9 35 123 22.50 1.50 [35]
VIII-4 320¢° 9 48 135 87.78 1.54 [35]
II1-2 1602 15.6 46 118(243) 43.1 - [38]
1II1-3 5600 9.1 42 101 — - [39]
1I1-4 144 13.3 39 103(255) 0.89 - [38]
Cy I-6 30 26.0 47 122 60.00 1.17 [51]
C1 VII-1 85(¢ 21 26.2 44.8 20.44 1.4 [37]
VII-2 351¢ 21 39.7 87.3 15.33 21 [37]
VII-3 1769 10 27.5 54.8 2.46 4.1 [37]

@ Polymerization condition
b Polymerization condition:
¢ Polymerization condition:
d Polymerization condition:
€ Polymerization condition:
f Polymerization condition
9 Polymerization condition

—

1 T T

-

T
40.0

50.0 45.0 35.0 30.0
PPM
< C2/C3 »<—Cl/C4 >« C7—><CH, + C5/C6

Fig. 5. 13C NMR spectrum of an E-N copolymer, showing the four dis-
tinct zones corresponding, from left, to carbons C2/C3, C1/C4, C7, and
ethene CH and C5/C6. (Reprinted with permission from Macromolecules
33 (2000) 8931, Ref26].)

: MAO/Ti = 2000, [Ti]=2& 10-5 mol/L; Pg = 0.9—4.9 barT'=40°C.
MAOI/Ti=1250, [Ti] =4 10-8 mol/L; Pg =1.013 bar7'=25°C.
MAQ/Ti=2000, [Ti]=% 10~° mol/L; Pg =1.013 bar7'= 25°C.
MAQ/Zr=8620, [Zr] =& 10-8 mol/L; Pg = 2.026 barT'=30°C.

MAQ/Zr = 2200, [Zr] =35 10~° mol/L; Pg =2 bar,T=20°C.

: MAO/Zr = 2000, [Zr] =2 10~° mol/L; Pg = 1.013 bar7'=30°C.

: MAO/Ti=1200-2500, [Ti]=410"*to 5x 10~>mol/L; Pg =4 bar,T=25°C.

two strategies are available for the synthesis of mainly
alternating copolymers which respectively consist in using:
(i) catalysts with homotopic sites whose rate of homopoly-
merization of one monomer is faster than that of the other
monomer; (ii) catalysts with heterotopic sites. The synthesis
of alternating E-N copolymers was first disclosed by
Cherdron without indication of the catalyst ugeg]. Some
relevant results of alternating E-N copolymerizations are
reported inTable 1 Chart 3shows examples of homotopic
catalysts used for these syntheses. CatalystMe,Si(2-
Me-[e]-benzindenyl}ZrCl, (I-6) with C> symmetry has
been already shown i@hart 2

(i) Catalysts with homotopic sites (Cy and Cy symme-
tries). Alternating E-N copolymers have been produced
with “constrained geometry” catalyst (CGC) monocyclopen-
tadienyltitanium amido MgSi(MesCp)(N'BuU)TICl, (IV-1)
[32,33] Bis(pyrrolide-imine)Ti ¥I) complexes in conjunc-
tion with MAO produced mainly alternating E—N copoly-
mers by living polymerization34]: the high N affinity
and the fast N insertion are thought to arise from the ster-
ically open and highly electrophilic nature of the active
site. New titanium complexes with two non-symmetric
bidentate beta-enaminoketonato (N,O) ligands, [(Ph)NC(R-
2)C(H)C(R-1)O}TiCl2 (VIII) with a Co-symmetric confor-
mation [35], with modified methylaluminoxane (MMAOQO)
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H3CII|||----

1-6
W)
M """'IIINHElQ
E12N NEtz
(M= Ti or Zr)
R=
(VI-1)  (VI-2) (VI-3)
R, _Ph
—N.
\ TiCl,
O/,
Ry
\% 11 VIII
R, Ry, Ry, Ry, Rs=CH; (VII-1) R,=CF; (VIII-1)
R;—R,=benzyl (VII-2) Rl = O\R»— CF; (VIII-2)

R, ="'Bu (VII-3)

= Q\Rzz CF3 (Vlll-3)

R1 = CF}, R2: CH} (Vlll-4)

Chart 3. Examples of catalysts with homotopic sites utilized for the synthesis of alternating E-N copolymers.

as a cocatalyst, are capable of promoting the quasi-living Mainly alternating E-N copolymers have been
copolymerization of ethene with norbornene at room temper- obtained with theC, metallocenerac-MezSi(2-Me-[e]-
ature, yielding high molecular weight alternating copolymers benzindenylZrCl, (I-6). This catalyst yields mainly
with narrow molecular weight distributions. Other exam- isotactic alternating copolymerd3C NMR analysis and
ples of catalysts yielding alternating E-N copolymers are quantitative computation of polymer sequence distribu-
dicarbollide catalystsn(5C289H11) (-C2BgH11)M(NEL))» tion and tacticity demonstrated and quantified the major
(NHEt,) (M=Ti or Zr) (V) [36] and non-bridged (aryloxo)- ~ microstructural features and differences between copoly-
cyclopentadienyltitanium(IV)YII) complexeq37]. mers obtained by catalysIs6é andIV-1 [43]. The former
The microstructure of these copolymers is atactic. alternating copolymer contains ontyeso NEN sequences,
Indeed, it is similar to that of copolymers obtained by the tacticity of the alternating sequences being induced by
Me,Si(MesCp)(N'Bu)TiCl, (IV-1), which was elucidated  the catalyst symmetry. Here, the formation of NN diads is
with the help of the correlation betwe&fC NMR chemical disfavored but, surprisingly, a significant amount of NNN
shifts and average chain conformation computed by molecu-triads is observed.
lar mechanics and resulted to contain batlyo andracemic Two trends common to all E-N copolymerizations by
NEN sequencefd8]. ansa-metallocenes are: (i) increase in N concentration in a
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polymerization feed results in a decrease in catalytic activity,
likely due to the facility of N coordination to the active
sites, and in an increase of N content in the copolymer up
to a plateau, which depends on the catalyst structure; (i)
molecular mass of the copolymer often increases with the
increase of the norbornene content.

(ii) Catalysts with heterotopic sites (Cj-symmetry). The
dual coordination sites of'1-symmetric metallocenes was
exploited by Arndt and Beulicfi38], Fink and co-workers
[39], and Harrington and Crowthegd0] to control the
sequence specificity in E-N copolymerization. Highly alter-
nating stereoregular (isotactic) E-N copolymers have been
synthesized with the”;-symmetric, bridged metallocenes
R>C(Flu)(3-RCp)ZrCh [R =Me or Ph, R=Me or’Bu] (I1I-
2-4,111-6) [38,39]in the presence of an excess of norbornene,
and with group 4 bridged monocyclopentadienyl cata-
lysts such asp-Me;Si(3/BuCp)(adamantylamido)MMe
[M=2Zr, or Hf] (IX) [40]. The copolymers prepared by
Harrington are semi-crystalline with remarkably high melt-
ing points (250C) and show a very simple spectrum. The
authors suggested that the crystallinity was originated from

an alternating and stereospecific structure of the copolymer

chain.

The copolymers prepared by Arndt and Beulif38]
and Fink and co-workel89] with R,C(3-RCp)(Flu) ZrCh
[R=Me or Ph, R=Me or'Bu] (IlI-2-4, III-6) are crys-
talline if the norbornene content is higher than 37 mol%
and have melting points of 270-320 [38]. Elucidation
of the microstructure of these copolymers showed that the
enchainement of norbornene units is isotactic.

C1-symmetric, bridged monocyclopentadienyl titanium
amido complexes MgSI(CP)(N'BuU])TiCl, (Cp'=2,4-
Me,Cp, 3BuCp, indenyl) [V-2—4) have also been shown
to yield mainly alternating E-N copolymers by McKnight
and WaymoutH32]. This systematic study showed that the
catalyst having Cpequal to M@Cp is the most productive
one. The nature of the ligand in this series had a little effect
on the norbornene content and dj values. However,
our inspection[18] of spectra of copolymers displayed
in Fig. 9 of Ref. [32] reveals that the ligand substitution
has a strong influence on the copolymer microstructure:
the isotacticity in NEN sequences increases in the order
IV-I<IV-2<IV-3<IV-4.

The behavior of pentalene metallocene in E-N copolymer-
ization is reported by Prof. Kaminsky’s review in this issue
of Coordination Chemistry Reviejd1].

2.3.2. Signal assignments of alternating E-N
copolymers

Fig. 6A shows the spectrum of an isotactic alternating
copolymer prepared with ME[(3-'Pr-Cp)(Flu)]ZrCh (III-
3) presenting alternatingeso NEN sequences. Irig. 6B the
spectrum of an isotactic alternating copolymer with similar
norbornene content, synthesized witle-MeSi(2-Me-[e]-

L Tritto et al. / Coordination Chemistry Reviews 250 (2006) 212-241

C5/C6 and

C2/C3 Cl/C4 C7 Ethene CH,

C

Alt isot
Alt syndio Alt syndio +
isolated
Isolated
Sep m Sep
Alt isot &
B
.,_JULM_JLWJJ O

A

40
ppm

Fig. 6.13C NMR spectra of: (A) isotactic alternating copolymer pre-
pared with MeC[(3-Pr-Cp)(Flu)]ZrCh (II-3); (B) isotactic alternat-
ing copolymer with similar norbornene content synthesized with
Me,Si(2-Me-[e]-benzindenyR ZrCl, (I-6); (C) copolymer prepared with
Me,Si(MesCp)(N'Bu)TiCl, (IV-1) presenting alternatingeso andracemic
NEN sequences.

benzindenyhZrCl, (I-6), is reported for comparison. The
spectra are relatively simple due to the prevailingly alternat-
ing erythrodiisotactic type of stereoregularity. Closer inspec-
tion of the spectrum ifrig. 6B shows smaller signals arising
from NN diads and NNN triads.

Fig. 6C shows the spectrum of a copolymer prepared
with Me,2Si(Me4Cp)(N'Bu)TICl, (IV-1) presenting alternat-
ing meso andracemic NEN sequences.

An updated set of assignments of #3€ NMR spectra of
alternating erythrodiisotactic and erythrodisyndiotactic E-N
copolymers is reported ifiable 2 Besides the assignments
published earlier by other authors and byTahle 2includes
recent new assignments ofgSmethylenes of EENENEE,
NENENEE, and NENENEN sequences and of the C2/C3
tertiary carbons in NENEE sequendé2].

At the onset of our studies, no mention of isotactic or syn-
diotactic types of regularity for alternating NENEN nor of
mesolracemic norbornene diads (ENNE sequences) had been
found in the literature. Substantial progress has come from
the elucidation of the conformational structure of the chain
of E-N copolymers by molecular mechanics calculations and
from the correlation between conformation ati€ NMR
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Table 2
Assignments ot3C NMR chemical shifts for carbons of norbornene and ethene units in alternating E-N copolymers
Carbor? Chemical shift (ppm) Sequences Ref.
Ethene
S, +
ps Sgs Soea+ 27.74 EEEEEE [26]
Soo+ 27.80 ENEEEE [26]
+ +
Suﬁ S/S
\/g\/\/\/ Seor 27.93 ENEEE [18,20]
Sup 7 28.04 ENENE [18]
Soc&
Syo+ 28.05 ENEEE [20,42]
Sy Suot 28.13 ENCEE [42]
Sas+ Sys 28.18 ENEEN [42]
Sap
Sgy 28.39 ENEEN [18,20]
Sep m 28.56 EENENEE [42]
Sap
Sep m 28.61 NENENEE [42]
Sep m 28.66 NENENEE [42]
Sup 28.70 NENENEN [42]
Norbornene
Sap
N C5/C6 28.33 WE [18,20]
op c7 30.89 EBVEE [26]
C7m 30.96 NRVEE [39,46]
Sop
C7r 30.98 NEVEN [39,46]
C7m 31.04 NEVEN [39,46]
C1l/C4r 39.54 NEVEN [18,20]
23
1 4 Cam 39.54 1/2 NBVEE [17,42]
C1/c4 39.57 EREE [26]
6 5 Clm 39.86 1/2 N&VEE [42]
23
C1/C4m 40.00 NEVEN [18,20]
1
C3m 45.09 1/2 NEVEE [42]
6 5 C2/C3r 4521 NEVEN [18,20]
23
C2m, C2/C3m 45.78 1/2 N&VEE, NENEN [42]
1 4
6 5

a SeeFig. 4for the denomination of mese: and racemici) alternating NEN sequences.

chemical shiftd18]. Comparison of conformer populations to assign (a) the signals of the two norbornene methines
computed for the stereoregular and stereoirregular polynor-and C; and of the ethene CHin alternatingisotactic and
bornene and alternating (N=E¢hains and for copolymers  syndiotactic copolymers, (b) the isolated signals of the two
including such defects as NN, E, EEE and NNN allowed us to methines of an N unit in a NEE- sequence and thg §sig-
predict stereochemical shifts. This led for the firsttime to dis- nal, (c) the §y and S signals shifted low field with respect
tinguish betweemeso andracemic NEN sequences, namely  to S, e and §;, respectively.
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While these studies were being completed, the results of
the efforts of other groups in assignit$C NMR spectra of
E—N copolymers have appeared in the literafigd. Fink has
distinguished and assigned the resonances of ethene carbons
by comparing thé3C NMR spectra of copolymers contain-
ing 13C enriched ethene dr¥C enriched norbornene with
those of copolymers prepared with monomers having nat-
ural 13C abundanc§20,19] Arndt's assignments are based
on the comparison of spectra of copolymers of natursiy
enriched monomers with various compositions obtained with
different catalysts, in a manner analogous to our previous
analysig19].

Quite ageneral agreement on the assighmerR&ONMR
spectra of alternating copolymers was reached, apart from a
disagreement on the assignments of three signals in the CH
region[24].

We have recently compared and discussed progress in
such assignmentg?2]. A complete analysis of the spectra
of copolymers with different norbornene content, where the
relative peak areas of each spectrum are simultaneously best
fitted, was carried out by using the procedure mentioned
above[26,43] It was possible to reconsider some controver-
sial assignments of ethene gHKignals and to reach a new
conclusion regarding signals§ S,s, and Sg as summa- , ,
rized in Table 2 Our assignment regarding signalg $nd 30 = 40 ppm P 30 %

Sqp is confirmed, but, as stated by Fink, it appears that signal
Sys does not overlap signaly§r, but is shifted to lower field. Fig. 7. 13C NMR spectra of copolymers obtained by catalyst precuidlet

In Refs.[26,43] other regions of the spectra have been (A) andI-2 (B).
reconsidered and elucidated at higher resolution. In particu-
lar, the region of tertiary carbons C2/C3 between 45.09 and The Cs symmetric MeC(Cp)(Flu)ZrCh (III-1),
45.78 ppm shows three distinct signals of the four expected Me;Si(Cp)(Flu)zrCh (III-5), and PhC(Cp)(Flu)ZrCh
at pentad resolution, while previous assignments only dis- (III-6), and the Coy, symmetric BC(2,5-MeCp)ZrCl,
tinguished between isolated and alternating sigfg8s44] [48] (XII) showed higher activity than th€> symmetric
Several of these new assignments are in agreement with thosenetallocenes. Among these catalysts most active is complex
reported by other authof38,39,46] XII, while Me;Si(Cp)(Flu)ZrCh (III-5) shows the highest

The current level of assignments allows for the complete molecular mas#7].
determination of the microstructure at pentad level if the = The presence of a methyl substituenbenarbons and the
information gathered from the whole spectrum is exploited. absence of substituents on tBecarbons in compounXII
The information on a number of sequences is at heptad level.are crucial to the high activity of this system. The lack of
This fact may resultin amore accurate estimate of the copoly- steric hindrance on the reaction site facilitates the approach

merization parameters. of the bulky norbornene to the reaction site and results in
an increase of the norbornene content in the polymer. On

2.4. E-N copolymers containing norbornene blocks the other side, compound MeCH(GRg)Cl> (X) [44] without
methyl substituents was reported to have low activity and high

2.4.1. Synthesis norbornene incorporation ability. Among tii® symmetric

Ansa-metallocenes withC, and Cs symmetries Chart metallocenes;c-Et(IndenylpZrCl; (I-2) is the most active
2) generate random copolymers containing norbornene [3].
microblocks, although mostnsa-zirconocenes produce E—N copolymers prepared witi, symmetricI-2 con-
mainly alternating E-N copolymers. Copolymers with nor- tain mainly meso ENNE diads and small amounts of
bornene content well above 50 mol% affig as high as meso—meso NNN triads. On the other hand, tidg-symmetric
220°C can be synthesized. Metallocene symmetry and lig- MexC(Flu)CpZrC} (III-1) based catalyst shows a high selec-
and substituents dictate polymerization activity, tacticity, and tivity for producing E-N copolymers withacemic ENNE
sequential distribution. The type of bridge has an influence diads. InFig. 7 the spectra of copolymers obtained by cata-
on polymerization activity and norbornene content. Exam- lyst precursorg-2 andIII-1 are compared. In the C2/C3 and
ples, most of them taken from Kaminsky’s report, are listed C5/C6 regions the signals characteristicmafso EENNEE
in Table 3 [47] andracemic ENNE sequences are demonstrated.
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Table 3
Random E—N copolymerization: activities and properties

Symmetry Catalyst Activity (kg pol/mol Zr h) NJ/I[E] N mol% incorporated T4 (°C) My (x10~%g/mol) Ref.

Coy X1 1200 0.20 21 - - [3e,47]
XII 68000 6.12 - 171 13.0 [48]
58000 8.16 - 179 15.8 [48]
26000 12.24 - 196 16.4 [48]
10000 24.49 - 226 17.3 [48]
Cs -1 2210 25.05 >56 175 12.7 [3b]
III-5 11084 19.0 47 129 43.1 [3e]
I11-6 2410 25.05 >56 184 14.0 [3b]
I-1 480 0.20 28 75 - [3e]
I-2 912¢* 0.20 26 72 22 [3,47]
32 24.0 55 173 - [49,50,51]
Cs I-4 2320 0.20 28 40 - [3e,47]
137C¢° 3.21 35 82 18.8 [3b]
29C° 6.37 42 124 19.8 [3b]
28 24.0 58 168 - [49,50,51]
I-5 38 24.0 54 194 - [49,50,51]
17 70° 24.0 60 148 - [49,50,51]
1-10 54¢° 3.21 34 86 14.7 [3b]
log 6.37 39 - 9.3 [3b]
I-3 560 12.5 36 - 11.3 [67]
1-9 32d 12.5 0.5 - 8.6 [67]
1 -1 2950 0.20 33 - - [3e,47]
Cs V-5 17¢ 1.4 25 47 45 [52]
4809 5.0 44 126 7.1 [52]
675 10.0 54 167 7.9 [52]

a polymerization condition: MAO/Zr = 200, [Zr] =& 10~® mol/L; Pg =2 bar,T=30°C.

b Polymerization condition: MAO/Zr = 4000, [Zr] =& 10~° mol/L, Pg = 1.72—6.89 barT' = 60°C.
¢ Polymerization condition: MAO/Zr = 1000, [Zr] =& 10~ 7 mol/L; Pg = 2 bar,T=30°C.

d polymerization condition: MAO/Zr =8600, [Zr]=& 10-® mol/L, Pg = 2 bar,T=30°C.

€ Polymerization condition: MAO/Zr = 2000, [Zr] =16 10~° mol/L, Pe =1.013 barT = 30°C.

f Polymerization condition: MAO/Zr = 1000, [Zr] =8 10~% mol/L; Pg =1.013 bar7'=30°C.

9 Polymerization conditions: MAO/Ti = 400, [Ti]=6.8 10~* mol/L, P =1.013 barT'= 20°C.

Series of E-N copolymers were synthesized in the 6)gave a mainly alternating copolymer with trace amounts of
presence of zirconocenes with different symmetries and ENNE sequences and a surprising higher amount of ENNNE
ligand patterns: rac-Me;Si(Indenyl»ZrCl,  (I-4), rac- sequences. Comparison®y of these copolymers having an
Me3Si([e]-benzindeny}ZrCly (I-5) rac-MezSi(2-Me-[e]- N content between 48 and 60 mol% showWgdalues ranging
indenyl»ZrCl, (I-7), besides the already mentione@ and between 125 and 19€. This work{51] led to the conclusion
III-1 [49-51] The Cs symmetriclll-1, as already known, that there does not appear to be a linear correlation between
resulted in the most productive catalyst. Among thesym- the amount of N incorporated and tlig measured when
metric catalysts, MgSi(2-Me-[e]-indenyl)ZrCl, (I-7) was copolymers with high N content and different microstructures
shown to be noticeably more active than the others of the are considered.
series. The microstructure was dominated by metallocene The kinetics of E-N copolymerizations using a
symmetry and ligand type. Precurde$ produced copoly-  great number of metallocenes which include J@3-
mers with the highest N content and the highest amount of ‘Pr-Cp)Indenyl]ZrC4/MAO (II-2) MeCH(Cp»ZrCl, (X),
meso—meso NNN sequences demonstrated in the spectrum besides the already mentioned Ng(3-R-Cp)(Flu)]ZrCh
of Fig. 8 The large number of signals is due to the increase (with R =methyl or'Bu) (III-2, III-4), and CGCIV-I, have
of possible stereosequences as the norbornene block lengtheen investigated by Ruchatz and Fia#] at 70°C in a con-
increases. Present assignments of such signals to the spesentrated solution of norbornene and under an ethene pres-
cific configuration of C2/C3 carbons of norbornene triads are sure ranging from 4 to 60 bar. The highest norbornene content
listed inTable 5 was achieved using metallocenes with sterically less demand-

As already mentioned, M&i([e]-benzindenyRZrCl, (I- ing ligands such as MeCH(CgrCl, (X). Copolymers gen-

5) gave the highest amount efeso ENNE sequence and erated with metallocene ME[(3-Pr-Cp)indenyl]ZrCs (II-
no ENNNE in spite of high norbornene excess in the feed 2) contain norbornene microblocks with a maximum length
composition, while MgSi(2-Me-[e]-benzindenyl}ZrCl; (I- of two norbornene units. Depending on the catalyst struc-



224 L Tritto et al. / Coordination Chemistry Reviews 250 (2006) 212-241

C2/C3T C1/C4T C1/CAT C5/C6 T

mIRaNrl
wwwkﬂ W “%L‘,.J\’WJLWJJ I ) N

Fig. 8. 13C NMR spectrum of a copolymer obtained by catalyst precursaiSy-Me-[e]-indenyl)ZrCl, (I-7) showingmeso—meso NNN sequences.

ture, the microstructure of the copolymers consists of mainly  In particular, the spectra displayed abov&ig. 7demon-
isolated norbornene units, alternating monomer sequencesstrate the signals most characteristicnafso and racemic
or short norbornene microblocks with a maximum length of ENNE sequences. E-N copolymers prepared with-
two or three. Additionally, the tacticity of the norbornene Et(IndenylyZrCl, (I-2) contain mainlymeso ENNE diads
microblocks could be controlled by the catalyst structure.  revealed by the C2/C3 signals at 46.04 and 47.12 ppm char-
Wendt and Fink[45] carried out E-N copolymer-  acteristic of NENNEN which become more intense as the
izations at various ethene pressures by using the cat-norbornene contentincreases. Thetwo C2/C3signals at45.62
alyst systems MgC[(3-Pr-Cp)Indenyl]ZrC}/MAO (II-2) and 48.07 ppm, characteristic @fcemic ENNE sequences,
and rac-Me,C[IndenylpZrClo/MAO (I-8). Their analysis are present only in the spectrum of the copolymer obtained
of the copolymer microstructures could conclude that, by MexC(Flu)CpZrCh (III-1).
while copolymers obtained with metallocene M&(3-/Pr- 2D NMR spectra allowed Berggtm et al. to recognize
Cp)Indenyl]ZzrCh (II-2) contain only ENNE sequences, resonances of norbornene diblodgR8]. They first demon-
those generated witlac-Me,C[IndenylbZrCl; (I-8) contain strated C5/C6 and C2/C3 splittingsiso norbornene diads.
norbornene microblocks with a length of two or three. The  The comparison of3C NMR spectra of E-N copoly-
amount of norbornene triblocks in the copolymer chain as mers of various composition prepared with different met-
well as the stereochemical connections of the norbornene tri-allocenes initially allowed us to demonstrate the splitting of
blocks were shown to depend on the monomer concentrationcarbons belonging to racemic and meso ENNE sequences
and the polymerization temperature. [50]. Then, examination of the completdC NMR spectra
Recently, random E-N copolymers containing high of a great number of E-N copolymers, having various nor-
norbornene content have been produced by Shiono andbornene content(from 20 to 40%), by using a procedure based
co-workers[52] by using MeSi(Flu)(N'Bu)TiMe, (IV-5) on least-squares fitting of all the peak areas of the spectra as
activated with MAO free from MgAl. The 13C NMR spec- described in Ref$26,43], allowed us to further extend signal
tra of these copolymers showed new signals of triblock N assignments: they include the signals of the C2/C3 carbons
sequences, which have been assigneddwac-NNN triads. of EENNEEmeso sequence and of carbonggSof NENNE

sequences.
2.4.2. Signal assignments of ENNE sequences in E-N Arndt et al.[19] synthesized and assigned tH€ NMR
copolymers spectra of the stereoisomers of norbornene hydrodimers

Table 4collects our current signal assignments, achieved and hydrotrimers. These assignments have been very use-
with the contributions by various authors, for the carbons ful to assign signals imeso andracemic ENNE sequences.
involved in sequences witheso and racemic norbornene ~ For example Arndt-Rosenau and Beulich compared a large

diblocks, along with sketches of the relative stereochemical number of spectra of copolymers prepared with and
sequences. Cs symmetric metallocenes, with different norbornene con-
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Table 4
Assignments ot3C NMR chemical shifts for carbons of norbornene and ethene units affected by NN diads in E-N copolymers
Carbor? Chemical shift (ppm) Sequences Ref.
Ethene
Sep
S m 28.82 NENN [26]
SQB
Seg m 29.00 NENN [26]
Norbornene
56
4 1
30 C5m 26.24 ENNE [26]
Cébm 29.68 ENNE [26]
C7m 31.17 ENNE [26]
C7m 31.32 ENNE [26]
56
4 1
32 Clm 39.88 ENNE [26,44]
Cam 40.43 ENNE [26,44]
C2m 45.96 EENNEE [43,27]
C2m 46.05 NENNEN [43,27]
C3m 46.50 EENNEE [43,27]
56
4 1
32 C3m 47.12 NENNEN [43,27]
C5r 27.58 ENNE [26]
Cér 29.37 ENNE [26]
C7r 31.57 ENNE[ [26]
56
4 1
3D Cilr 38.93 ENNE [26,44]
Car 39.80 ENNE [26,44]
c2r 45.62 ENNE [43,27]
C3r 48.07 ENNE [43,27]

a SeeFig. 4for the denomination of mese:§ and racemici) alternating NEN sequences.

tent to assign resonances of isotactic and syndiotactic nor-nals” norbornene carbons in R—N-N—R compounds greatly

bornene diblockg17]. On the basis of comparison of the depends on the nature of R as well as onritego—racemic

copolymer chemical shifts with those of the stereoisomers of relationship of the N-N blocks. The 3;8i-n-propyl-dimers

hydrodimers and hydrotrimef49] they correctly assigned proved to be good models of ENNE sequences of E-N

the signals of C1 and C4 carbonsmfso andracemic ENNE copolymerg27]. A comparison of experimental and ab ini-

sequences. However, on the basis of calculations on the mostio computed chemical shifts of ENNE sequences is shown

stable conformers by molecular mechanics and by consider-in Fig. 9.

ing such conformation-dependent effects as the well-known

v-gauche effect, we found thatin order to simulate the copoly- 2.4.3. Signal assignments of ENNNE sequences in E-N

mer chain a good model should have alkyl substituent in copolymers

position 3,3. Assignments of resonances of norbornene triblocks are
Conformer modelling demonstrated strong deformations even more complex and difficult than those of norbornene in

of the norbornene rings in norbornene diads and triads andalternating or diblock sequences.

allowed us to ascribe the origin of stereo-chemical shifts due  Table 5summarizes present assignments and working

to NN and NNN sequences to the ring deformations arising hypotheses found in the literature.

from steric hindrancgs0]. In particular, we understood the The first column reports the assignments currently used

splitting of C5/C6 signals, the ring distortions being much by us. The external carbons C& meso, meso and meso,

stronger inmeso diads than in theacemic ones, in agreement  rac triads in ENNNE sequences were assigned by means of

with Arndt-Rosenau and Beulich’s assignmelifs]. our best-fitting procedure for computing the stereosequence
Ab initio calculations applied to proper model compounds molar fractiong26]. In some cases we are able to distinguish

confirmed that the splitting of signals of “internal” and “exter- meso, meso or meso, rac sequences without differentiating
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Table 5
Assignments o¥3C NMR chemical shifts for carbons of norbornene and ethene units affected by NNN triads reported by different authors for E-N copolymers
This work and Ref[26] Ref.[24] Ref.[52]
Carbon Chemical shifts (ppm) Carbon Chemical shifts (ppm) Carbon Chemical shifts (ppm)
Cém,r 26.31
C5 mm 26.5¢ C5/C6m,m 26.50
C5 rym 27.20-27.7 Chn,r 26.8-27.4
C5 m,rIC5 r,m C5/C6r,r 28.09
C5/C6 T 29.37 Ch5m,m 29.4 C5/Cé6r,r 29.12
C5/C6 T 29.49 Cbr,m 29.62 C5/C6,r 29.56
C6 m,r 30.03
C5/C6 T 30.50 Cbm,m 30.5
C5/C6m,m 30.58
C7rm 32.87
C7m,m 32.99
C7m,m 33.07 C7rr 33.11
CrT 34.34 C7rm 34.26
C1l/Cdm,m 34.92 C1/Cdn,m 34.87
cl/caT 35.18 Clr,m 35.15
C7T 35.70 C7m,r 35.73 Cirr 35.55
C7 Tm,m 36.74 C7m,m 36.67
C7 Tm,m 36.94
Cl/C4AT 36.94 Chm,r 36.89 C1/C4r 36.87
C1/Car,r 37.53
Cl/CAT 37.87 C1/Cén,r 37.80 C1/C4r 37.97
C1l/Cdm,m 39.28-39.39
Cl/C4AT 40.80 Chm,m 40.77
Clrm 41.03
clcaT 41.32 Clm,m 41.18
C1/Cdm,m 41.45
clcaT 41.56
C3 rym 42.64
C2 m,r 43.55
C2/C3T 45.42 C3Bm,m (NNNEE) 45.49 C2/C3r 45.62
47.13 C3m,r/IC2 rym 46.58/48.53
C3 m,m (NNNEN) 48.22 C2/C3r 48.74
C2/C3T 49.34 Cn,r 49.37
C2/C3m,m 49.80 C2m,m 49.83 C2/C3,r 49.51
C2/C3T 50.00 C2/C3r,r 50.92
C2/C3m,m 52.70-52.84 C2/Csi,m 52.78
C2/C3T 53.44 Can,r 53.41

a Chemical shift referred to HMDS.

the single carbons. In other cases we simply assign signals towith the help of chemical shifts of norbornene hydrodimers
triads. Finally, in a few cases we rely on Fink’s assignments. and hydrotrimers synthesized by Arndt etf&B] the authors
The second column reports the detailed assignmentsobtained the assignmentséso, meso andrac, meso NNN
achieved by Wendt and Fink4]. The adopted num-  sequences shown in the table.
bering is the one shown inFig. 3 The original Shiono synthesized random E—N copolymers containing
chemical shifts values are shifted by2.2ppm. Such  high norbornene content by M8i(‘BuN)(Flu)TiMe, (IV-
assignments were based on comparison between E-N5)[52]. Thel3C NMR spectra of these copolymers showed
copolymers prepared withltac-Me;Si(Indenyl»ZrClo (I- new signals which are listed in the last columTable 5 On
4), MexC[(Cp)Indenyl]ZrCh/MAO (II-1), and MeC[(Cp- the basis of DEPT experiments, differences with previous
Flu]zrCl2/MAO (III-1), with monomers with natural abun-  spectra containing NNN sequences, differences in catalyst
dance of13C and with 13Cgs-enriched norbornene. This symmetries, and spectra of polynorbornene prepared with the
methodology allowed Fink to assign resonances of NNN same catalyst, the authors were able to assign these signals
sequences with different stereochemical connections such a$o rac, rac-NNN triads.
meso, meso andrac, meso [24]. In a first step DEPT experi- This result allows us to give an overview of the influence of
ments helped in distinguishing between the methylene (C7) Cp ligands and metallocene symmetry on the microstructure
or methine (C1/C4 and C2/C3) carbon atoms. Subsequently,of E-N copolymers irscheme 2This completes the scheme
by comparing spectra with different norbornene content and given inFig. 14in Ref.[24].
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(Indenyl)(C-TV-4)>(3-BuCp)(C-TV-3)>(Me,Cp) (C-TV-2)> (Me,Cp)(C-1V-1)
meso A meso, rac A
(3-'BuCp)(C-IX)
meso A
I-A -
Me,C(3-MeCp)(Flu)ZrCl, (C,-111-2)
: : Me,C(3-'"PrCp)(Flu)ZrCl, (C)-111-3)
H H I v
rac-Me;Si(2-Me-[e]-benzindeny!),ZrCl, (C-1-6) : : Me;C(3-BuCp)(FIwZrCl, (C,-11-4)
meso A +low T : : meso A
rac-Et(Indenyl),ZrCl, (C>-1-2) ‘ - ,
meso D Me,C(Cp)(Flu)ZrCl, (C-111-1)
Me,Si(Cp)(Flu)ZrCl, (C,-1I1-5)
: : Ph,Si(Cp)(Flu)ZrCl, (C-IT1-6)
rac-Me,Si(Indenyl),ZrCl, (C-1-4) ; ; only rac D
meso D | |
D - ) s : , '
rac-Me;Si(|e]-benzindenyl),ZrCl, (C»-I-5) Me,C(3-'PrCp)(Indenyl)ZrCl, (C,-11-2)
only meso D only meso D
rac-Me,C(Indenyl),ZrCl, C,-1-8
(at high monomer concentration meso D)
(at low monomer concentration meso, meso T)
Me,C(Cp)(Indeny!)ZrCl, (C>-II-1)
meso, rac T
T
rac-Me,Si(2-Me-[e]-indeny1),ZrCl, (C»-1-7) i N :
meso, meso T MeCH(Cp),C,-X
CHy(MeyCp),Ca-XII Me,Si(Flu)(N'Bu)TiCl, C-IV-5
only rac, rac T

Scheme 2. Influence of metallocene ligands on the microstructures of E-N sequences: 1=N isolated units; A=NEN alternating, D=ENNE, T=ENNNE
sequences.

2.5. Copolymerization statistics wherek;,,, represents the rate constant for the insertion of
monomem into anim-metal ended chain.

Copolymerization propagation kinetics can be described The most used methods for determining the copolymer-
by Markov statistics, the first and second-order Markov mod- ization parameters utilize the Finemann and R&8§ and
els being most frequently used. When the insertion of a Kelen—Tudos[54] equations, which correlate the feed ratio
comonomer is influenced only by the last inserted {B3f to the copolymer composition. Several copolymerizations
the first-order Markov model is sufficient to describe the of ethene and norbornene need to be carried out with a
copolymerization and the following two reactivity ratios are given catalyst over a broad range of the comonomer ratio.

defined: However, since for the Fineman—Ross method a terminal
copolymerization model has to be valid, only the and
r1 = ki1/kip = keg/ken and rp = kpo/ ko1 = knn/kNEs ro reactivity ratios can be obtained. The same holds for the

Kelen—-Tudos method which consists in the linearization of
wherek,, represents the rate constant for the insertion of e Finemann and Ross equation. Copolymerization param-
monomen: into anm-metal ended chain. eters can be derived also from the analysis of a sifh¢fle

When the insertion of a comonomer is influenced by the NvR spectrum if it allows one to determine the sequence
penultimate unit, then the second-order Markov statistical gjstribution. The knowledge of the triad distribution provides
modgl .is negded to de;cribe the copolymerization and four e r1 and r, parameters, while it allows one to measure,
reactivity ratios are defined: but not to test, the four copolymerization parameters of a

penultimate model. Indeed, at least the complete tetrad dis-
ri1 = k111/k112 = keee/ keen  and tribution is required to teg65] both the first-order (herein
ro2 = k229/ k221 = knnN/ ANNE after indicated as M1) and the second-order Markov (M2)
statistics. Computer analysis allows a best fit between the
experimental sequence distribution and the one predicted by
the statistical models. Of course, the more detailed is the
r12 = k122/ k121 = kenn/ keNE, microstructural information of the copolymer chain, the more

ra1 = k211/ k212 = kneg/knen and
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29.68 2624 Table 6
Reported E-N reactivity ratios from Finemann and Ross equation
Symmetry Catalyst r1 r Ref.
Cs IV-1 2.4 ~0 [32]
C1 V-2 1.9 ~0 [32]
Iv-3 5.1 ~0 [32]
V-4 2.2 ~0 [32]
C2v XI 20 - [3]
4.0 0.03 [32]
C1 1I-1 0.88 0.05 [57]
20.64  25.95
Cy I-1 2.2 - [3]
I-2 6.6 ~0 [3]
1.9 0.03 [32]
I-4 2.66 0.36 [3,47]
1-10 3.44 - [3]
Cs 111-6 2.61 - [3]
III-1 2.93 - [3]
1.8 ~0 [32]
1.3 0.03 [57]
C1 111-4 3.3 0.001 [3]

C . . :
© in the calculated values with respect to those previously

Fig. 9. Comparison of the chemical shifts (ppm) (A) of EENNEE sequences 'eported Table § were attributed to the different reaction

of E-N copolymers taken fromable 4 (B) computed ab initio for 3/3di- temperatures.

n-propyl N dimers; the values dfable 5in Ref. [27] for C5/C6, C2/C3, Bridged zirconocenek2 andIII-1 haver; values near

and Cl_/C4 shifted by-4.87,—6.09, ano!—5.96 ppm, respectively, (C) of 2.0 similar to the CGC catalysIS’-l, IV-2, andIV-4. Cata-

Phy :;?#';eer:z o f::uiﬁtset’zaﬁgf;ee;ﬁ?] shifted by—2.2ppmto accountfor v+ o, 7rCl, (XI) has anr; value of 4.0, reflecting the steric
influence of the unbridged cyclopentadienyl rings. Thase
values for all the three catalysts indicate a preference for
insertion of ethene over norbornene into an active Mt—E

detailed information on the copolymerization kinetics and the center. Fol-2 andXI Waymouth et al. calculated apvalue

deeper insights in the copolymerization mechanisms can beof 0,03, while forIII-1 the r, value is very close to zero.

reached. This clearly illustrates that these catalysts also disfavor a sec-
ond norbornene insertion because of the steric influence of
2.5.1. E-N reactivity ratios from Finemann and Ross the last inserted norbornene unit. Like the CGC catalysts,

Most authors have calculated the E-N reactivity ratios these zirconocenes should have a tendency to produce alter-
according to the Fineman—Ross method. Examples of thenating microstructures at high N/E feed ratios. Actually, the
reactivity ratios so obtained are collectedTiable 6 McK- 13C NMR spectra inFig. 7 clearly reveal that catalysts
night and Waymouth found that four CGC catalysts give 2 and III-1 are able to produce copolymers with ENNE
r1 values between 2.0 and 5[B2]. The values found sequences.
are consistent with values for ethene/octene copolymeriza- Kaminsky et al. [57] found that bridged rac-
tions (1 =2.6—4) with the same catalyqts6] and indicate MezSi(Indenyl»ZrCl, (I-4) yields copolymers with an
a preference for the insertion of ethene over norbornener; value of 2.66 and am, value of 0.36, which are a clear
into a Mt-E active center. In no case it was possible to indication of the random nature of the copolymers obtained.
accurately determine, from the plots. However, the data All the C1 symmetric catalystHI-2, ITI-3, andIII-4 have
were consistent with a value @ very close to zero. The r; values between 2.7 and 3.3, the onjyvalue in the table
product of the reactivity ratios for all the CGC E—N sys- is 0.001 forIII-2. Owing to the highly alternating nature of
tems approaches zero, indicating a tendency toward alternathese copolymers the values could not be calculated by the
tion. Finemann and Ross equations.

Kaminsky et al.[57] and Ruchatz and Fin[58] have A computer optimization routine was employed by%]
investigated the reactivity ratios of various metallocene cata- to derive the reactivity ratios for both first- and second-order
lysts known to incorporate more than 50 mol% norbornene at Markov models by fitting the theoretical equations relating
high norbornene feed concentrations (>80 mol%). Waymouth copolymer composition and feed composition to the corre-
found similar trends in reactivity ratios; however, theval- sponding experimental data. The reactivity values agree with
ues found under different conditions are lower. Differences the reports that E-N copolymers obtained wit+1/MAO



L Tritto et al. / Coordination Chemistry Reviews 250 (2006) 212-241 229

are mainly alternatingr{ x rp <« 1), the norbornene diad Table 7 where the results of the second-order Markov model
fraction is very low, and there are no norbornene triads or are reported. As;, also allr11 values are similar to those

longer blocks £2 ~ 0). found for ethene and propene copolymerization with metal-
locene catalysts with low reactivity rati¢61]. Differences
2.5.2. E-N reactivity ratios from tetrad analysis in r12 and inryz are illuminating, since they clearly show

The accuracy of the complete description of the copolymer the preference of the insertion of E or N into E-N-Mt and
microstructure at tetrad level with a standard deviation of N-N—Mt, respectively. Parametey, increases in the order
1-2%][60] allows one to identify the statistical model most IV-1<I-6 «I-2<I-4, opposite to the tendency to alternate
suitable to describe the copolymerizations as well as to derivethe two comonomer60].
the reactivity ratios between the two comonomers. Incontrast  The rp, values are in general lower than those obtained
to the Finemann and Ross meth@®] the available tetrad  for propene or othew-olefins, in agreement with the low
information allows us to test both the M1 and M2 statistics homopolymerization activity of norbornene. Tihgvalue for
[55]. catalystl-6 is much greater than o; this shows the tendency

Both models were applied to fit the experimental tetrad dis- of this catalyst to insert a third norbornene after the second
tributions of a number of copolymers obtained from catalysts one. In addition, the four copolymerization parameters cal-
I-2,1-4,1-6, andIV-1. In order to examine the dependence of culated for the copolymers prepared wi#2 andIV-1 are
the copolymerization parameters on the feed ratio, the dataquite independent of monomer concentrations, while those

of each sample were fitted separately. for copolymers obtained witli-4 andI-6 at two different
The results on the reactivity ratios regarding two samples monomer concentrations are quite different.
per catalyst are summarized Table 7 The ranges of the The experimental tetrad distributions and those calculated

reactivity ratios obtained at the lowest N/E feed ratio are: according to first- and second-order Markovian models are
r1=2.34-4.99,,=0.0-0.062. These values are within the compared irFig. 10 These comparisons and the rms devi-
same range of those reported in the literature, obtained withations inTable 7help us to discriminate between first- and
the Finemann and Ross method. Th®alues are in general  second-order Markov models. Worthy of note is the very good
smaller than those obtained for propene copolymerization. agreement between all the tetrads calculated with the second-
The highest-r» values found for the copolymers prepared order model and the experimental tetradsotated (ENEE),

with catalystI-4 confirm its tendency to give more random alternating (NENE), andblock (NNEN, ENNE, NNNE) —
copolymers. The values of;, rp, andri-r» for the E-N in copolymers fromi-2, I-4, andIV-1. In contrast, the rms
copolymers obtained with catalysk¥-1 andI-6 are com- for the alternating copolymers produced frdré are not
parable with those of alternating ethene-propene copolymerssatisfactory either with first- or with second-order models.
with metallocene catalysf61]. It is worth observing the dif-  This appears to confirm our previous hypothesis that various
ference in copolymerization parameters obtained under dif- mechanisms are at work with this catalj#8]. Finally, it is
ferent monomer feed ratios. Such differences suggest that thewvorth noting that these results indicate that r12, r21, and

type of penultimate unit is indeed important in E-N copoly- r22can be dependenton the feed composition, suggesting that
merizations. Such indications are confirmed by inspection of at high N/E ratio the reactivity of the propagating species can

Table 7
Reactivity ratios of E-N copolymerizations calculated using first- and second-order Markov models from tetrad and pentad di8tributions
Symmetry Catalyst [NJIE] N mol% Reactivity ratios
incorporated r2 ri-r Fitb r1 ri2 ro1 r22 Fitb
Cy I-2°¢ 2.33 36.23 2.602 0.0275 0.072 0.0111 3.048 0.0247 2.386 0.0081 0.0070
3.98 40.38 2.338 0.0309 0.072 0.0101 3.241 0.0298 2.191 0.0176 0.0037
1-4° 2.33 33.85 2.717 0.0525 0.143 0.0095 3.046 0.0489 2.519 0.1393 0.0060
3.98 40.52 2.871 0.0618 0.177 0.0137 4.174 0.0622 2.543 0.0339 0.0013
I-6° 2.33 29.72 3.338 0.0071 0.024 0.0118 3.486 0.0061 3.207 0.6179 0.0110
9.74 41.18 4.477 0.0043 0.019 0.0141 6.805 0.0035 4211 0.0809 0.0096
Cs Iv-1°¢ 2.33 27.20 3.906 0 0 0.0265 3.232 0 5.184 0 0.0029
3.98 31.79 4.988 0 0 0.0362 3.376 0 6.521 0 0.0024
C1 124 2.13 28.71 3.17 0 0 0.0154 3.46 0 2.76 0 0.0100
3.62 35.23 2.94 0 0 0.0286 3.89 0 2.52 0 0.0166
I11-34 2.33 23.93 5.34 0 0 0.0309 5.93 0 3.61 0 0.0215
4.00 30.95 5.00 0 0 0.0428 6.93 0 3.33 0 0.0127

@ [Zr]=0.010 mmol/L; [Al}/[Zr] = 3000; Pg = 1.013 barT=30°C; solvent =toluene.

b Defined as root mean square deviation between computed and experimental tetrad or pentad fractiond [f4% (60].
¢ From tetrad level analysis fC NMR spectrgd60].

d From pentad level analysis 81C NMR spectrd42].
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Fig. 10. Tetrad distributions for E-N copolymers, observed by NMR and calculated for samples preparedcviitindenylyZrCl, (I-2), rac-
Me,Si(Indenyl»ZrCl, (I-4), rac-Me,Si(2-Me-[e]-benzindenypZrCl, (I-6) and MeSi(Me;Cp)(N'Bu)TiCl, (IV-1) at feed ratio 2.33. Black: experimental
data; white: according to first-order Markov model; dashed: according to second-order Markov model.

be influenced by effects more distant than the penultimate C; symmetric catalysts, such as M&(3-R-Cp)(Flu)]ZrCh
monomer unit. (R=Me,Pr,’Bu), which produceésotactic alternating E—N
These results allowed us to clarify the statistics of these copolymers[38,39] The analysis of these has been used
copolymerizations and to discriminate between ultimate and to elucidate polymerization mechanistic details such as the
penultimate effects. It is possible to state that the next-to-lastimportance of chain migration mechanism versus chain
E or N monomer unit exerts an influence on the reactivity retention mechanism [38,24] Arndt and Beulich38] used
of the propagating Mt—Eor Mt—N" species. Such an influ-  a statistical model which differentiates two heterotopic sites
ence seems to be contingent upon the catalyst structure. Thef the catalyst MgC[(3-'Bu-Cp)(Flu)]ZrCh (III-4): one site,
second-order Markov model must be used to describe E-Nalways in the Zr—E state, follows M1 statistics; the second
copolymerizations promoted by metallocede, 1I-4, and one can be in both Zr-Eand Zr-N states and follows M2
IV-1. Athird-order or amore complex model may be required statistics. This mechanism allows for the formation of only
to fit the experimental data obtained with catalliét where odd ethene blocks. He concluded that E-N copolymerization
more sterically hindered indene substitutions are dominant. follows a chain migration mechanism. On the other hand,
At higher norbornene concentrations, copolymers with all Fink and co-workerg39] have recently analyzed at triad
catalysts may need more complex models. These results ardevel the E-N copolymer spectra obtained with J@8§3-
sufficient to conceive that E-N copolymerization is domi- ‘Pr-Cp)(Flu)]ZrCh (III-3) by using their assignmenfg4].
nated by the bulkiness of the norbornene monomer and of From a comparison of the root-mean-square residuals which

the copolymer chain. correlate experimental and theoretical triad molar fractions
calculated according to M1 and M2 Markov statistics, they
2.5.3. E-N reactivity ratios from pentad analysis concluded that E-N copolymerization with this catalyst fol-

We have recently used the pentad description of the lows M1 statistics and occurs according to a chatantion
microstructure of the alternating copolymers prepared with mechanism
catalystsIII-2 and III-3 to test different copolymerization We have used our pentad level information on these
mechanisms. Catalysi#I-2 andIII-3 are two of the typical copolymers to test M1 and M2 statistics as well as the two-
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Fig. 11. Pentad distributions for E-N copolymers, observed by NMR and calculated for samples prepared Ry {8itMeCp)(Flu)ZrG (III-2) and (B)
i-Pr(3-PfCp)(Flu)ZrCh (I1I-3), at feed ratio 2.33. Black: experimental data; white: according to first-order Markov model; dashed: according to second-order
Markov model.

site alternating mechanism (TSAM) proposed by Arndt. The that we obtained from the microstructural analysis of E-N
fitting estimated standard errors showed that the two-site copolymers at tetrad level.

alternating mechanism is not valid for E-N copolymeriza- They investigated the kinetics of E—-N copolymer-
tion with both catalyst§42]. ization to cyclic olefin copolymer using therac-

The results, partially shown ifiable 7 clearly indicate Et(Indenyl»ZrCly/methylaluminoxane catalyst in toluene at
that the second-order Markov statistics is more appropriate to70°C for N/E mole ratios in the range of 3-55. The reactiv-
describe the series of copolymerizations with catalyE8. ity ratios (1 =1.47,r,=0.024) obtained using the terminal
On the contrary, it turns out that the M1 statistics is sufficient model give a reasonably good prediction of copolymer com-
to describe the copolymerization with the Me-substituted position; however, the terminal model fails to accurately
metallocendII-2, at least for copolymers prepared at nottoo predict the polymerization rates of ethene and norbornene. To
high feed ratios. Indeed, differences in the fitting between M1 overcome the limitations of the terminal model the authors
and M2 are so small for copolymers preparedibly2 that developed a penultimate model. The relevant kinetic param-
r11 andryq are similar tor1. This indicates that when Cp is  eters were estimated using experimental data and an optimal
substituted with the small methyl substituent the penultimate parameter estimation technique. The penultimate model sim-
inserted unit does not have any influence on the selection ofulation results show that the model fits the experimental data
the next unit. very well. The penultimate model calculations also indicate

These features are more evident kig. 11, where that the E-N polymerization process shows different kinetic
the NMR-measured pentad distributions obtained by our behaviors below and above the bulk phase norbornene con-
methodology (with assignments @able 2 are compared  centration of about 50 mol%. Most importantly the authors
with those calculated according to first- and second-order could show that the penultimate model, unlike the terminal
Markovian models. One representative copolymer sample model, correctly predicts the existence of a maximum nor-
produced byII-3 and one produced tBII-2 were selected  bornene polymerization rate.
for such a comparison.

It is clear that: (i) sequences with even ethene units 2.6. Mechanisms
ENEEN are present in the two copolymers, thus ruling out
the two-sites alternating mechanism for E-N copolymeriza- 2.6.1. Alternating copolymers from catalysts with
tion with these catalysts; (ii) the M1 statistics accurately heterotopic sites (C;-symmetry)
describes the copolymer sample derived from catdiis2; Polymerization statistics from pentad description of the
(iii) the M2 statistics is necessary to describe the copoly- microstructure of theisotactic alternating E—N copoly-
mer microstructure of the copolymer sample produced by mers prepared withC; symmetric catalysts M£[(3-R-

III-3. Cp)(Flu)]ZrCh (R=Me, ‘Pr) III-2 and ITI-3, used to test
different copolymerization mechanisms, rules out that the
2.5.4. E-N reactivity ratios from Choi’s method synthesis of these copolymers can derive from a TSAM
Choi et al. developed a novel kinetic model to quantify the mechanisnj38], according to which, as in Cossee’s mecha-
behavior of the copolymerization proce&2] which con- nism[63], the polymer chain migrates to the site where the

firmed the validity of the M2 statistics (penultimate model) monomer was initially coordinatgé4].
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Fig. 12. Copolymerization mechanism for E-N copolymerization wittsymmetric catalysts. (Reprinted with permission from Macromolecules 37 (2004)
9681-9693, Ref42].)

The analysis of the microstructures of isotactic alternating locenes such agic-Me;Si(Indenyl»ZrCl, (I-4), which give
E—N copolymers reveals that the synthesis of the copolymersrise to more random copolymers under the same conditions.
prepared with botHII-2 andIII-3 comes from a retention  The catalyst symmetry induces the tacticity of the alternating
mechanism, confirming Fink’s observation. Thus, th€se sequences. The bulkiness of the catalyst ligands, of the grow-
symmetric catalysts behave as single-site catalysts and bothng polymer chain, and of norbornene seems to cause strong
ethene and norbornene are inserted at the same site, bringron-bonded interactions which explain the limited formation
ing to isotactic NENEN sequences. The microstructure of of norbornene diads.
E—N copolymers produced by ME[(Cp)(Flu)]ZrCk (III- It is more difficult to guess the nature of the interactions
1), which may have N content well above 50%, and contain which after two successive norbornene insertions with the
ENNE sequences onlycemic, is convincing evidence that  bulky catalystl-6 favor the insertion of a third norbornene
also for E-N copolymerizations the olefin insertion involves unit. The presence of NNN triads in a mainly alternating
the migration of the polymer chain to the site occupied copolymer seems to indicate that various mechanisms are at
by the coordinated monomer (a Cossee-type mechanism)work for thisC, symmetric catalyst. A third-order or a more
This implies that the E-N copolymer chain produced by complex model may be required to fit the experimental data
catalystsIII-2 andIII-3, independently of the last inserted obtained with catalysI-6 where more sterically hindered
unit, has to skip back to its original site before the next indene substitutions are dominant. Such a surprising struc-
monomer can be inserted at the same site. It seems reasorture confirms the great potential of metallocene catalysts in
able that norbornene and ethene are inserted on the moreailoring polymer structure.
open site following Cossee’s migratory mechanism and the  On comparing the structures of the two catalyisésand
copolymer chain after every insertion occasionally skips IV-1, it seems reasonable that the permethylation of the Cp
back to a less stable state, explaining the slow kinetics of ligand increases the steric crowding at the upper halvef
E—N copolymerizationKig. 12. The synthesis of alternating 1, which could push the growing polymer chain towards the
E—N copolymers, possible only at very high N/E feed ratios, lower half, that is, towards the same side which should favor
derives from the impossibility of having two consecutive nor- the norbornene approach. From this perspective, addition of
bornene insertions. The isotacticity is a consequence of nor-a second norbornene unit should be much more hindered
bornene being inserted always at the same site with the samavith respect to the insertion of an ethene unit, after a first

face. insertion of norbornene. This could thus explainwhy the CGC
produces a much more alternating copolymer. The presence

2.6.2. Alternating copolymers from catalysts with of both meso and racemic NEN sequences angeso and

homotopic sites (Cs and Ca-symmetry) racemic NN diads could be explained by similar probabilities

The mechanistic information from the analysis of copoly- for norbornene to coordinate and insert at the left or the right
mers with heterotopic sites probably holds also for cat- coordination sites.
alysts with homotopic sites. Th€,-symmetric bridged
metallocenerac-Me;Si(2-Me-[e]-benzindenyl} ZrCl, (I-6) 2.6.3. Random copolymers
with two homotopic sites yields mainly isotactic alternating The formation ofracemic NN diads from MeC(Cp)(Flu)
copolymers, in contrast to oth€p-symmetric bridged metal- ~ ZrCl, (III-1) is evidence that the E-N copolymer chain
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migrates to the N coordination site and supports an alter-
nating mechanism. KaminsKg5] found that E-N copoly-
merization with theCs symmetric metallocenHI-1 follows
first-order Markov statistics. Our preliminary calculations at

Two recent reports have appeared on E-N living copoly-
merization and the synthesis of E- and N-based block copoly-
mers by Li et al.[35] and by Yoshida et al[34]. They
used bis(-enaminoketonato) Ti complexes and bis(pyrrolide-
tetrad level are in agreement with this observation. imine)Ti complex based catalytic systems, respectively. The

The formation ofmeso NN diads with catalyst¥-2 and latter system also allows the living E polymerization under
I-5 is dictated by the catalyst symmetry. The experimental limited conditions.
tetrad distributions and those calculated according to first-  The linearity of the growth of molar mass with time allows
and second-order Markovian models showed that the lower isus to gain insight into the factors influencing the propagation
the tendency to alternate the two comonomers, the stronger isand chain transfer reactions by using standard equations for
the need for using model M2 to describe the copolymerization the treatment of the experimental data of the polymerization
statistics. Thus, it is possible to state that the next-to-last E kinetics, derived from those introduced by Natta long ago

or N monomer unit exerts an influence on the reactivity of
the propagating Mt—Eor Mt—N" species. Such an influence
seems to be contingent upon the catalyst structure.

At higher norbornene concentrations, probably owing to
norbornene coordination, copolymers with all catalysts may
need more complex models.

2.7. Living E-N copolymerizations

Living polymerization is one of the most useful tools for
the synthesis of polymers with precise control over molec-
ular weight, composition, and architecture, such as block
copolymers and terminally functionalized polymers. These
controlled polymers are expected to endow materials with

unigue properties. Quite a few efficient and selective catalysts

for the living polymerization of ethene, propene, 1-hexene,
or other olefins have recently been developgg]. Exam-

[68].

It was possible to calculate the average turnover frequen-
cies of monomer insertioff,) and chain transfer or termina-
tion () and the [ZF]/[Zr] values[66] summarized iTable 8

By comparing the results obtainedaple § for catalyst
I-2 at two different N/E ratios, we observe that an increase
of the N/E ratio clearly gives a decrease of the monomer
insertion turnover frequency. At the same time the transfer
turnover frequency decreases so that the (@fitifp) remains
constant Table §. Such a similarity is worth noting since
catalystd-2 andI-9 produce completely different polymers:
the extremes ark2, a norbornene-rich copolymer at high N
concentration, an#9, a virtually pure polyethene over the
whole feed composition range.

The results concerning9, along with its activity, suggest
that the decrease in activity has its origin in the complexation
of norbornene with the reaction mechanism.

ples of catalysts, less exotic with respect to those required  Surprisingly, the values off;)/(fp) are very close to

for living olefin copolymerization, that copolymerize E and
N in a (quasi) living fashion exist. Cherdron et §R1]
announced the possibility of controlling the reaction condi-
tions to achieve “quasi-living” polymerization and described
a shift of the molar mass distribution (MMD) in time for the
E—N copolymerization. However, no mention of the catalyst
used nor details of experimental conditions were given.

We have found that catalysts such ras-Et(Indenyly
ZrCly (I-2), Me2Si(MesCp)(N/Bu)TiCly (IV-1), rac-Et(4,7-
MezindenylpZrCl, (I-3), and 90%rac/10% meso-HoC(3-
‘Bu-Indenyl»ZrCl, (I-9)/MAO under usual conditions, that
is, by using MAO freed from AlMg and [AI]/[Zr] molar
ratios as high as 2000, promote E—N copolymerization with
both yield and molar masses growing with time. The molec-

those reported by Busico et al69] for the stopped-
flow homopolymerization of ethene, using:-Me,Si(4-Ph-
indenylhZrClo/MAQ, in spite of the difference of several
orders of magnitude in absolute valuesj@f and(f;).

The fraction of active sites is higher than the value of
0.1 mol/mol(Zr) reported for ethene polymerization witla-
Me,Si(2-methyl-4-phenyl-1-indenyYrCl, at very short
polymerization time under stopped flow conditiof@S3].
Under the same conditions the number of active sites found
in propene polymerization is six times higher than in ethene
polymerization. The values obtained for E-N copolymer-
ization are closer to the values recently counted by Landis
(0.85—0.95 mol/mol(zr))70] for the polymerization of 1-
hexene with dimethylmetallocedie€. Each Zf site spends a

ular mass of E-N copolymers, obtained at low temperaturesfraction of time in the Zr—Eor in Zr—N' state. This depends

(T=30-50°C) and high norbornene feed fractions, increases
with time for up to 1 h. The polydispersity can be as narrow
as 1.1 at [N]/[E] feed ratios as high as[&8)]. This indicates

that very little chain transfer occurs and that E-N copoly-
merizations are quasi-living under these conditions. Chain
growth over 1 his unusual for olefin polymerization, the aver-
age lifetime of a growing ethene and propene polymer chain
is typically less than seconds, and growth of polymer chain

on the norbornene content in the copolymer and on the cata-
lyst structure.

The relatively higher concentration of ‘Zactive sites
found in E-N copolymerization indicates that thé Zites
that we measure are mainly in the Zr—Btate. The similari-
ties betweerif;)/(fp) values found in E-N copolymerization
and E polymerization indicate that Zr-Bites contribute
more to chain propagation and chain transfer than the Zr—N

can only be observed with stopped-flow techniques. The typeones. In conclusion, the presence of norbornene both in the
of catalyst used has a strong influence upon the quasi-living polymer chain and in solution plays a crucial role in the liv-

character of the reaction.

ingness of E-N copolymerization due to its steric hindrance
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Table 8
Kinetic parameters of the ethane—norbornene copolymerizg&itias
Symmetry Catalyst [NVIE] N mol% Incorporated ~ My,/M, (fp) (min~1) {f) (min—1) () {fp) (x10%) zrzr
Co 1-2 28.4 59 1.18 346 0.062 1.79 0.68
12.5 52 1.24 634 0.109 1.72 0.66
1-3 12.5 36 1.18 185 0.032 1.73 0.94
90% rac/10% meso 19 125 0.5 1.48 381 0.076 1.99 0.56

Polymerization conditions: solvent =toluene, [Al]/[Zr] = 20Q05 30°C, Pg =1.013 bar.
a Polydispersity over the first 10 min of reaction.
b polydispersity over the first 20 min of reaction.

and coordinating ability. This causes a great reduction of the tive of dominant N coordination to the Ti center of the E-
propagation and chain transfer rate compared to that in thelast-inserted species. Such a coordinatiet1{.05 kJ/mol)
homopolymerization ofv-olefins and makes the Zstate would reduce the electrophilicity of the active species and
more or less “dormant”. provide steric hindrance around the active site, which prob-

This agrees with the observation that the long chain ably reduces all the possible chain transfers (e.g., hydro-
branches decrease with increasing N content in the copoly-gen transfer to a reacting monomer, chain transfer to alkyl
mer, when using a catalyst like M8i(MesCp)(N'Bu)TiCl» Al species). Thus, the achievement of the controlled liv-
[59] which allows for incorporation of long chain branchesin ing copolymerization probably results from the stabiliza-
polyethene: chain transfer to the monomer and the formationtion of a Ti-E species toward chain transfers and its
of the vinyl terminated polymer chain are possible only at smooth change to a Ti-Nspecies stable towards chain-
Mt-E" sites Scheme R transfers. However, their observation that E-N copolymer-

This picture agrees with the DFT calculations by Yoshida ization at 90°C produced a copolymer with broader molecu-
et al. of relative formation energies on the bis(pyrrolide- lar mass distributionM\,/M, 1.86) and possessing a vinyl
imine)Ti catalytic systerfB4]. Their estimates indicated that end group indicates that the Mt=Epecies of this cata-
an N coordinated to Ti-Especies is more stable than the lyst also undergoes faster chain transfer than the Mt-N
corresponding E-coordinated species by 8.33 kd/mol, indica- species.

Cl

N
MAO ( o &T

CHiw +

@ML Q (%) M;Qm %

CSheg 5

B-H elimination

i

[ =g
=

Reinsertion and
propagation

Scheme 3. Mechanism for reaction paths taking part in the catalytic cycle during E-N copolymerization by metallocenes as suggested by Thoissjaug et al
implemented with Yoshida'84] results in living polymerization promoted B§I/MAO.
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2.8. Chain-end analysis of the E-N copolymers

Studies on copolymerization statistics and copolymer /L\m
microstructure allow the identification of the factors gov-
erning the mechanisms of propagation steps and copolymer VDq Dy
tacticity. Information regarding the mechanisms of initia-
tion, termination, and chain-transfer steps is usually achievedScheme 4. Unsaturated chain ends observed in E-N copolymers obtained
by chain-end analysis. In comparison with other ethene With catalyst MeC(Indenyl)(Cp)ZrC/MAO [73].
or a-olefin polymerizations, chain-growth, termination, and
chain-transfer reactions of E-N copolymerizations have not
been investigated in similar detail. High molar masses and
the possibility of achieving quasi-living polymerizations for

Detailed studies on chain termination and transfer reac-
tions have been carried out in Prof. Brintzinger's group
o . [73]. They were able to detect and identify various
some E-N _copolymergaﬂon systems would make the Chaln'types of chain end in E-N copolymerization promoted
end analysis rather difficult. . by MeC(Indenyl)(Cp)ZrCHMAO (I-8) and rac-Et(2-

As already exp_la_med, chain transfer reaqtpns at a MEN '‘BuMe,;SiO-Indenyl»ZrClo/MAQO. I-8 had been selected
bond are rather difficuli71]: the B-H transfer is impossible since it was shown to give rather low molar massesrand

since it would violate Bredt's rule, that is, the coplanarity of ¢ : ;

. . Et(2/BuMexSiO-Indenyl»ZrCl, had been observed to give
Zr-Cla)-C@)-H[72]. Chaln transfer reactions should occur .o nive chain transfers to aluminum in ethene polymeriza-
more often at an E-last inserted-Mt bond. tion

" Y(;Shéda et aI.I'iC? thei'r stu_gy of ETN Iivingtﬁtﬁ/lpggmeri'z%- In copolymers obtained with cataly$t8/MAO, which
ion by bis(pyrrolide-imine) Ti complexes wi carrie contain less than 15mol% N, the only unsaturated groups

out chain-end analysis of a low molecular weight living Lo ; o

present were vinylidene groups, ¥@nd VDy identified by
c?(’)polymer(\/ln 1800,M,/Mp 1.16, N content 50.8.mol%) by alH NMR signal at 4.8 ppm and b*C NMR signals at
c NMR spectros_copY34]. Due .to t_he alternating na_ture 107.6 and 147.0 ppnsgcheme % The authors have assumed
.Of thlsf COPOIer]er’_;if_éh: pbolyrger;zatlgq yv?uld.start W't,h E that ethylpolymeryl-substituted vinylidene end groups arise
msertlon_ Into t € 3 bond o an_|n|t|a active SPECIES * via _H transfer after insertion of a 1-butene unit. Indeed, ethyl
the possible chain-end structures which should be Cons'deredoranches arising from 1-butene insertion have been observed
]tor tT]e c_opplymer zrg CHI;_E_' dcg’_g_NE ' IEI: HE_I{I\I_IIEE_ ‘ in these copolymers, likely due to dimerization of ethene to
ﬁr the initiation Ch an ends ?_T o = I_ ~ 10T "1 butene by this catalyst under the conditions used. Thus, the
; N t((a:rmmgtul)zn c 3'2 enE SN o;]/vgver, (;10 3|gn:; St artls:jng polymer chain appears to be terminated mainly by a (more
rom CHs—E—E~—and C-E-N- chain-ends were detected. facile) —H transfer from the tertiary C atom of one of the rare

ﬁ‘] sigrr:a_l at 25? pp:n assigplable to tt?e me(';hy'\l/lcarbon of ethyl branches, rather than from a secondary C atom of the
e chain-end structure GHN— was observed. Moreover, ore abundant straight-chain Gigroups.

the signals at 40.6, 41.0, and 45.0 ppm were detected andqq More interestingly, in copolymers with increasing nor-

assi_gned to C3, C4.’ and C2 originating from theJSN- bornene contents prepared by catall/8/MAO and rac-

chain end, respectlvely: Thus, .the.al.Jthors. concluded FhatEt(Z-’BuMeZSiO-Indenyl)ngCIZ/MAO, increasing fractions

Fhe. polymenza_tlon b_y bls(pyrrollde-|m|ne) T Comple>§es IS of normal vinylic end groups'td NMR muiltiplets at 5.0 and

initiated by N mse_:mon, Wh'Ch forrr_1§ the _QH_N—_cham- 5.9 ppm) and norbornenyl end groups (olefinic proton signal

end structure. This fact is an additional indication of the at 5.5ppm) have been detected with comparable intensity

r|\1||gh incorporation capability of the catalyst system for Thus, at higher [N]/[E] feed ratios chain growth appears to
be frequently started via vinylic-@H bond activation by nor-

Oon thdet olghe':l hémd’. theﬂ:ermmall crle;g fréds Ztrggtgresgornene; vinylic end groups could be derived either from
appearediobeNn—-k-, sincethesignaisat 25.1, 59.4, 30.9, aNG;nvjic c—H bond activation by ethene or via chain growth

38.6 ppm were detected apd assigned tO.CS’ c7, C,4’ and C:%ermination by —H abstraction from a last-inserted E unit.
belonging to the N—E£-chain eDQ’ respectively. No signals at According to the authorf’3], as norbornene incorporation

ca.12.1and 12.0-14.0 ppm ansing from thefOFE—E-and into the copolymer chain approaches its limit, metathetic
E-N- were detected. According to the authors these obser-c\ » tiyation under formation of a norbornenyl chain start

vations indicate that the catalytically active species mostly (Scheme Fbecomes an increasingly prevalent alternative to
exists as a Mt—N-last-inserted species during the polymeriza-_H transfer

tion time. This is in agreement with our conclusion derived

from the number of metal active species calculated from

polymerization kinetic$66] and with Choi’s result§62] in =/@

E-N copolymerization promoted by metallocenes. All these @ Q) —=u— +Zr© — = O@
results suggest that, under the conditions employed, the N

insertion into the Mt—E species is much faster than the E

insertion into the Mt—N species. Scheme 5. Norbornenyl chain start from vinylie-8l activation[73].
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Addition of aluminum alkyls or zinc alkyls (AlRor ZnRy, initiate with the formation of the Ti-N—Cklspecies. Since
R =Me or Et) to the systems allowed the same authors to this catalyst favors the synthesis of an alternating copoly-
study chain transfer reactions from the Zr centers to the alu- mer, the polymer chain will grow through the insertion of
minum of the cocatalyst. The degree of chain transfer to the E into the Ti-N—CH bond. The DFT calculations of rela-
cocatalyst should be revealed by the excess of saturated ovetive formation energies indicated that the N coordination to a
unsaturated chain end groups. Although it was not possible Ti-E" species results to be more stable than the correspond-
to quantitatively assess such ratios, studies of catalytic activ-ing E-coordinated species by 8.33 kJ/mol. This is indicative
ity and masses of copolymers prepared in the presence ofof dominant N coordination to the Ti center of the E-last-
various amounts of AlRor ZnR, revealed that chain trans-  inserted species. The coordination of highly nucleophilic and
fer from copolymers growing at a Zr catalyst center to Al sterically encumbered N to the E-last-inserted active species
or Zn centers occurs to a considerable extent with both cata-would reduce the electrophilicity of the active species. The
lysts studied. Al(iBuj was found to have an activating effect N steric encumbrance in the vicinity of the active site would
in polymerization activity and to increase copolymer molar probably limit chain transfers to monomer or to alkyl Al
masses. Increased molar masses of copolymers obtained ispecies. Moreover, the N-last-inserted species is quite sta-
the presence of added Al(iByjndicated that the AliBu ble toward chain transfers because of the difficulty3H
unit has no tendency to exchange iBu group for a poly- transfers.
mer chain growing at a Zr center. These observations have In contrast, E-coordination to a Ti-Nspecies resulted
also been interpreted in terms of reversible adduct forma- to be more stable than the corresponding N-coordination by
tion between Al or Zn alkyls and cationic zirconocene alkyl 5.70 kJ/mol, which may result in the formation of the N-E

species. sequence.
Thus, Yoshida et al34] concluded that the highly con-
2.9. Density functional studies of E-N copolymerization trolled living polymerization by the bis(pyrrolide-imine)Ti

complex/MAQO system derives from the fact that the catalyst

The above reported systematic experimental studies onpossesses high affinity and high incorporation ability for nor-
metallocene catalysts allowed the identification of factors bornene due its facile coordination to the Ti-Epecies and
governing the copolymerization activity, copolymer tactic- its fast insertion as well as from the living character of E
ity, and molar mass, in each catalyst group. Modern density polymerization with this catalyst.
functional calculations can help to understand fundamen-  Fink et al. performed DFT calculations on&(Cp)
tal issueq74]. Kim and Klein[75] have recently reported Zr—NN complexes to model the feasibility af-bond
DFT studies to address questions such as what dictates thenetathesis, which explain the observed formation of N
dominance of exo over endo configuration for a norbornene tetramers and pentamers, with unusual linkage$;8i¥AO
residue in the resulting copolymer and how does a bulky [19]. By means of X-ray crystallography and 2D NMR spec-
norbornene compete with ethene in the monomer insertiontroscopy, norbornene resulted to be connecte@-byo,2’-

process. exo linkages except for &-exo,7 syn-exo linkage in the
They have performed density functional calculations tetramer and pentamers. This structure was hypothesized to
on simple metallocene ions erCHz* and HSi(CpNH) derive fromo-bond metathesis occurring after three consecu-

ZrCHgz*, representing metallocene and constrained-geometrytive N insertions as a result of a conformational change, so that

catalysts (CGC), respectively. They have established howthe syn hydrogen at €an interact with Zr. Then the Zr-alkyl

the sterically hindered norbornene competes with etheneundergoes a news-2,3-exo insertion. DFT calculations sup-

during the insertion. According to these calculations, nor- ported this hypothesisxgagostic conformer initially formed

bornene is highly reactive at low temperature because theafter norbornene insertion can rearrange into a low-energy

cyclopentyl group helps the insertion providing additional agostic conformer, suitably oriented ferbond metathesis

agostic sites and ring strain, instead of hindering the inser- (Scheme B

tion due to steric barriers. This effect becomes more marked

on the less sterically hindered catalyst. Steric interaction

between the bulky ethene bridge of norbornene and cat-3. Propene-norbornene copolymers

alysts resulted to unfavor endo-norbornene insertion. The

non-reactivity of a structurally similar bicyclooctene seemed 3.1. Synthesis and structure

to derive from the small geometric difference, which greatly

affects the agosticity, steric hindrance, and ring strain of a  The incorporation of norbornene into the isotactic

cycloolefin. polypropene chain was expected to feature highgthan
DFT calculations coupled with polymerization behavior E—N copolymers with the same N content and molar mass

have been helpful to Yoshida et al. to understand the origin (MM) since polypropene (PP) has a higlfigthan polyethene

ofliving E-N copolymerization by the bis(pyrrolide-imine)Ti  [50,49,51,43] It was to be expected that a detailed interpre-

complex/MAO systen34]. As referred above, from the tation of P-N copolymer spectra could meet greater diffi-

analysis of chain-end groups the polymer chain seems toculties than those met in E-N copolymers. Indeed, differ-
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Scheme 6. Mechanism proposed by Fink and co-wor&dkfor the combination otis-2,3-exo insertion and-bond metathesis in N polymerization with
catalystl-2.

ences in stereo- and regioregularity of propene units as wellmore sterically crowded than the sites formed after a propene
as in the comonomer distribution and the stereoregularity (2,1) region-irregular insertion, which have a lower reactiv-
of the bicyclic units will originate complex microstructures ity with respect to sites with a primary growing polypropene
of the polymer chain and complex spectra. Likely, that is chain[78].

the reason for the limited reports on these copolymers. At On the basis of the final assignments discussed below it
the onset of our investigatiof28,29] to the best of our  was possible to estimate the molar fractions of norbornene
knowledge only one article concerning propene—norbornene(fy) and propeneff) incorporated in these copolymers. The
(P-N) copolymers had been publishgd@6] besides observation of a great discrepancy between the values of
short references to propene-based co- and terpolymerscomonomer content obtained from the areas of norbornene

[3]. signals and those calculated from the propene methyl signals
and of the CH peak area confirmed the existence of propene
3.1.1. P-N copolymers with isolated N units 1,3 mis-insertions in the Mt—N bond.

Catalystd-2 andI-4 were selected asisa-metallocenes In contrast to the low polymerization activity, a surpris-
of C, symmetry that have proven effective for producing pre- ingly high norbornene incorporation was reporfé@] using
vailingly isotactic and regioregular polypropel7@] as well I-4, although to date no NMR spectra nor details of such cal-
as E—N copolymers with a tendency to alterri&@26,60] culations are published. The very low polymerization activi-
CatalystIII-1 was selected as a metallocene(gfsymme- ties obtained witlII-1 seems to be indicative of even greater
try which yields prevailingly syndiotactic polypropene and difficulties of insertion of propene into the Mt—N bond of this
is very active in E-N copolymerization. catalyst than into the Mt—N carbon bond of catalylsesand

In Table 9 copolymerization activities and copolymer 1-4.
properties obtained witlh-2/MAO and I-4/MAO, at 30°C With the help of DEPT spectra and of the signal assign-

are compared with previous Henschke'’s reqilé§ obtained ments obtained we could derive a set of equations relating
with I-4/MMAO at 60°C. The table shows that as the the peak areas to copolymer composition, thus obtaining an
feed ratio ([N]J/[P]) increases the productivity decreases, as N content value which is the most accurate estimate at the
expected. The polymerization activitieslb2 andI-4 were present level of assignments.
found to be quite low especially when compared to those  These results confirm that, in the presence of the catalysts
obtained for E-N copolymerization under analogous experi- selected, despite the relatively lower polymerization activ-
mental conditions. ity, at low norbornene/olefin ratios it is possible to obtain
This seems to result from the difficulty of inserting a P—N copolymers which are relatively richer in norbornene
propene into the Mt—tertiary carbon bond formed after the than the E-N copolymers prepared in similar conditions. It is
norbornene insertion (Mt—N). Indeed, such a situation is even conceivable that this could arise from the fact that norbornene
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Table 9

P—N copolymerization: activities and properties
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Symmetry Catalyst Activity (kg pol/mol Zr h) [NJ/[P] N mol% incorporated Ty My (x1073 g/mol) MMy Ref.
C2 1-22 164 0.05 16 19 14.7 2.68 [28]
107 0.07 25 37 111 121 [28]

70 0.10 13 47 - - [28]

56 0.26 35 119 16.6 2.16 [28]

33 0.67 33 139 45.5 2.23 [28]

9 1.00 41 129 431 221 [28]

1-42 122 0.05 14 26 17.1 3.66 [28]

53 0.10 21 50 36.8 1.86 [28]

38 0.25 29 87 17.0 2.2 [28]

8 0.67 32 108 24.7 1.69 [28]

4 1.00 n.d. 115 25.6 2.08 [28]

I-4° 320 0.11 11 22.4 7.6 1.8 [76]

140 0.33 33 83.7 10.5 1.8 [76]

100 0.67 40 101.2 10.2 1.8 [76]

60 1.00 56 140.5 5.4 2.9 [76]

40 2.33 73 173.7 4.9 3.2 [76]

Cs IV-5¢ 900 0.30 17 53 71.9 1.18 [79]
1575 0.60 36 112 105.4 111 [79]

865 1.13 58 198 157.3 1.14 [79]

895 2.00 71 249 180.9 1.16 [79]

a polymerization condition: MAO/Zr = 2000, [Zr] = 105 mol/L; Pp=1.013 barT'=30°C.
b Polymerization condition: MAO/Zr =370, [Zr] = 1.5 10~° mol/L; Pp=1.013 bar'=60°C.
¢ Polymerization condition: MAO/Ti = 400, [Ti]=6.6% 10~*mol/L; Pp=1.013 barT'=20°C

competes more easily with propene than with ethene. Under3.2. Microstructure of propene—norbornene copolymers
similar polymerization conditiondJII-1 allows for a lower
N incorporation than catalysis2 andI-4. It is worth not- 3.2.1. P-N copolymers from Cy symmetric catalysts
ing that theM,, values of the P—N copolymers are quite low Fig. 13displays thé-3C NMR spectrum of a P-N copoly-
in comparison to those of E-N copolymégr®]. In general mer prepared witH-2/MAO, at [N]/[P] feed ratio of 0.26,
Ty values are rather low, owing to the low molar mass of along with the final signal assignment. The structure and car-
the polymer samples, as well as to a significant amount of bon numbering of an isotactic P-N copolymer are sketched
propene 1,3-misinsertions. in Fig. 14 Cis-2,3exo norbornene insertion is considered
to occur into the metal—carbon bond as in E-N copolymer-
ization. All propene consecutive monomer units have the
methyls in erythro relationships as in an isotactic polypropene
chain.

The spectrum irFig. 13 shows seven groups of signals
with comparable areas due to the norbornene carbons in
agreement with the lack of symmetry in the norbornene unit

3.1.2. P-N copolymers with norbornene blocks

During the preparation of this review Shiono and co-
workers have published a very interesting report on the P—N
copolymerization conducted with dimeth¥-5 [79]. They
had previously reported that this metallocene when activated
with MesAl-free MAO (dried MAO) yields living propene
and norbornene homopolymerizati{80,81] P—N copoly-
merizations were carried at 2@ under atmospheric pres-
sure of propene. Dimethylmetalloceli¥-5 was activated
by MesAl-free methylaluminoxane (dried MAO), modified
methylaluminoxane (MMAO), and BEB(CsFs)4/OctzAl.
The system activated by BGB(CgF5)4/OctzAl was the most
active one and yielded the copolymer with the lowest molecu-
lar weight and broadest molecular weight distribution. Dried
MAQ vyielded the copolymer with the narrowest polydisper-
sity. The norbornene content in the copolymer was almost .
proportional to the N/P feed ratio afg of the P-N copoly- 50 45 40 35 30 25 20 15
mers increased linearly against the norbornene content in the ppm
copolymers, from 53 to 249C. The copolymer with the high-
estTy contained 71 mol% of norbornene.

Fig. 13. 13C NMR spectrum of P-N copolymers prepared, at [N]/[P] feed
ratio =0.26, in the presence b2/MAO.
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H ty, H CH . .
3 Fig. 15. The structure of a random P—N copolymer with N blocks produced

. . . . with Me;Si(Flu)(BuN)TiMe; [81].
Fig. 14. Structure and carbon numbering of an isotactic P-N copolymer

with isolated N units. (Reprinted with permission from Macromolecules 36
(2003) 882-890, Ref28].) range of chemical shifts from 14 to 57 ppm. The authors
gave a preliminary assignment with the help of DEPT spec-
of the structure depicted iRig. 14 DEPT experiments and  tra and comparison with the spectra of polynorbornene and
comparison of the chemical shifts of these signals with those E_N copolymers prepared with the same catd§8}. Such
of E-N copolymers allowed us to make a first assignment of an analysis suggested that in these copolymers norbornene
the main signals of these copolymers. Ab initio theoretical ynits can be connected to the propene unit, that is, isolated
'3C NMR chemical shifts, combined with RIS statistics of or alternating and/or to norbornene in NN dyad sequences.
the P-N chain, gave detailed indicatioj29] for the final  The signals around 50-55 ppm indicated that also longer nor-
13C NMR assignment for copolymers with N isolated units, hornene sequences are present. Thus, the microstructure of
shown inFig. 13andTable 10 these copolymers is random as showrig. 15

3.2.2. P-N copolymers from a Cs symmetric catalyst
The spectra of P-N copolymers obtained witH-1 4. Outlook
revealed to be even more complex and showed a multitude of
signalswithIowintensities.AIimited assignmentofthe spec- Considerable progress in the Synthesis of Cyc|00|efin
trum has been achieved with the help of DEPT spectra andcopolymers, in the elucidation of their microstructure, and
comparison with chemical shifts of syndiotactic polypropene in the understanding of the copolymerization mechanism
(s-PP) and with those of P-N obtained withcatalyst477]. has been achieved in these years. Here, for the first time an
At present the complexity of the spectra of these copoly- overview is given of the mechanism for reaction paths taking
mers prevents from drawing safe conclusions on the tacticity part inthe Cata|ytic Cyc|e in E=N Copo|ymerizati0n in generaL
of these copolymers and on regio-regularity of propene inser- and in living norbornene copolymerization in particular, by
tion in the vicinity of the norbornene unit. However, the metal transition catalysts. Nevertheless, there remain some
limited assignment of the spectra allows us to evaluate the of most challenging areas for further research: (i) the syn-
norbornene content and to demonstrate the low tendency ofthesis of catalysts for the incorporation of high norbornene
the Cs symmetricllI-1 to give 1,3 propene mis-insertions in  content; (i) the elucidation of spectra of copolymers with

P(N copolymers. long N blocks and of P-N copolymers; (iii) the reduction
of the brittleness of these copolymers when they reach high
3.2.3. P-N copolymers from catalyst N content; (iv) the possibility of independently modulating
MeSi(Flu)('BuN)TiMe; comonomer contenf,g, and molar mass. Promising are the
The structure of the P—N copolymer produced with cat- results on E-N and P—N copolymers with high N content
alyst dimethylIV-5 was investigated by*C NMR spec- and molar masses. Interesting also are the increasing exam-

troscopy [79]. The spectra of these P-N copolymers are ples of living E-N copolymerization, with a few examples
completely different from those reported above, although of block copolymers. These block copolymers may have
they also contain a large number of signals in the same wideunique properties and be applied to a broad spectrum of appli-

Table 10

Assignments of3C NMR chemical shifts for carbons of-I copolymers with N isolated units

Propene Norbornene

Carbon Expectet|27] Observed Carbon Expectef@7] Observed

CHg (mmmm) 18.43-20.43 (19.69) C5 27.24 27.34

Pg 20.9 21.24 C6 29.79 30.10

CH (mmmm) 26.10-26.80 (26.56) C7 31.98 31.91

To 32.30 C1 37.1 37.28

CHay (mmmm) 43.64-44.69 (44.19) c4 40.8 41.54

Se 36.58 C3 43.8/44.3 45.61
Cc2 52.5/53.0 53.33

2 From ab initio and RIS statistical calculations.
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cations such as compatibilizers, elastomers, and compositg10] (a) S. Collins, W.M. Kelly, Macromolecules 25 (1992) 233;

materials.
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